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ABSTRACT. Cysteine proteases are relevant to several aspects of the parasite life cycle and the-parasite
host relationship. Moreover, they appear as promising targets for antiparasite chemotherapy. Here, a
guantitative investigation on the catalytic properties of cruzain, the papain-like cysteine protease from
epimastigotes of rypanosoma cruzis reported. The results indicate that kinetics for the cruzain catalyzed
hydrolysis ofN-a-benzyloxycarbonyl-arginyl--alanine-(7-amino-4-methylcoumariny;a-benzyloxy-
carbonylt -phenylalanyle-alanine-(7-amino-4-methylcoumarin), ato-benzyloxycarbonyl-tyrosyl-
L-alanine-(7-amino-4-methylcoumarin) can be consistently fitted to the minimum three-step mechanism
of cysteine proteases involving the agrizyme intermediate-B; the deacylation step is rate-limiting in
enzyme catalysis. Remarkably, these substrates show identical catalytic parameters. This reflects the ability
of the cruzain Glu205 residue, located at the bottom of theuBsite, to neutralize the substrate/inhibitor
polar B residues (e.g., Arg or Tyr) and to be solvent-exposed when substrate/inhibitor nongrelsidBes

(e.g., Phe) fit the Ssubsite. More complex catalytic mechanisms are also discussed. Binding free-energy
calculation provides a quantitative framework for the interpretation of these results; in particular, direct
evidence for the compensatory effect between Coulomb interaction(s) and solvation effect(s) is reported.
These results appear of general significance for a deeper understanding of (macro)molecular recognition
and for the rational design of novel inhibitors of parasitic cysteine proteases.

Trypanosomatids are parasitic protozoa, a number of themand differentiation ofT. cruzi both in zitro andin vivo,
being agents of endemic diseases prevalent mainly inproviding an alternative to traditional therapy in drug-
developing countries. In particulaFrypanosoma cruis the resistant parasite2{9).
agent of Chagas’ disease, affecting at least 20 million people. post proteases display a well-defined specificity for a
Remarkably, a much larger population is considered at risk restricted set of chemically homogeneous substrates and
of trypanosomiasis, a major public health problem being the jyhibitors. A well-known example is represented by trypsin-
transmission of this parasitic disease through blood transfu-;, enzymes, which catalyze the hydrolysis of substrates

sion and organ transplantatiof) ( displaying basic residues at position PLO—13). This
Cysteine proteases appear to be relevant to several aspecigsecificity is achieved by the binding of the substrate or the
of theT. cruzilife cycle and the parasitehost relationship. inhibitor P, residue to the solvent-screenedm®cket on the

In particular, cruzain, the major cysteine protease ffbm  pottom of which is located the acidic residue Asp189. In
cruziepimastigotes, is expressed in all stages of the parasitey,s respect, cruzain is peculiar in that this enzyme, as well

life pycle, being more abyndant in replicating forms anq as cathepsin B and related cysteine proteases, has evolved a
partl_cylarly n the insect epimastigote stage. Notably, cruzan qyal specificity that allows tight binding and catalysis on
participates in the penetration 0t cruzitrypomastigotes 1 pasic and aromatic residuesl) In cathepsin-B-like

into host cells, in the nutrition of the parasite at the expense proteases, binding of the substrate or inhibitpréidue to

of the host, and in the escape mechanisms of the parasitgy,, enzyme-shallow ;Sspecificity subsite, lined by hydro-

from the immune system of the host. Therefore, cruzain has yp, i residues and faced by a solvent-accessible Glu residue
been regarded as a promising target for antiparasite chemorg),205 in cruzain), is the major determinant for substrate

therapy. In fact, cysteine protease inhibitors block replication o jnnibitor selection. In contrast, the chemical nature of

substrate or inhibitor Pand B residues is less relevariti4—
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fold higher Phe versus Arg selectivity as compared to cruzain
(9, 17—20).

The present study reports a quantitative investigation on
the kinetics of the cruzain-catalyzed hydrolysis of fluorogenic
substratesN-a-benzyloxycarbonyl-arginyl+-alanine-(7-
amino-4-methylcoumarin) (Z-Arg-Ala-AMC),N-a-benz-
yloxycarbonylt-phenylalanyle-alanine-(7-amino-4-methyl-
coumarin) (Z-Phe-Ala-AMC), anbll-a-benzyloxycarbonyl-
L-tyrosyl+.-alanine-(7-amino-4-methylcoumarin) (Z-Tyr-Ala-
AMC). The catalytic parameters for the enzymatic hydrolysis
of the three substrates are identical. Binding energy calcula-
tions provide evidence for a compensatory effect between
Coulombic interaction(s) and solvation effect(s), such that,
when a basic substrate binds to the cruzaimegognition
subsite, chargecharge interactions make a favorable con-
tribution to binding, but the energy penalty for desolvation
of the interacting partners yields an overall destabilizing
electrostatic energy. However, when aromatic substrates bind
to the cruzain Srecognition subsite, Coulombic interactions
are much less stabilizing but the increased solvent acces-
sibility of Glu205 lowers the desolvation penalty and the
calculated electrostatic energy is similar to that obtained for
the basic substrate. The relevance of these results in the
understanding of macromolecular recognition processes is
discussed.

MATERIALS AND METHODS

Enzyme Cruzain was prepared from. cruzi (CAN-III
strain) epimastigotes. The reducing agent dithiothreitol does
not significantly activate €10%) the freshly prepared
cruzain. The concentration of active cruzain was determined
by active-site titration with_-trans-epoxysuccinylleucyla-
mido(4-guanidino)butane ().

Chemicals Z-Arg-Ala-AMC, Z-Phe-Ala-AMC, and Z-
Tyr-Ala-AMC were purchased from Enzyme System Prod-
ucts (Livermore, CA). Dithiothreitol and-trans-epoxysuc-
cinylleucylamido(4-guanidino)butane were obtained from
Sigma-Aldrich (St. Louis, MO). All of the other products
were obtained from Merck AG (Darmstadt, Germany). All
chemicals were of analytical grade and were used without
further purification.

Cysteine Protease Assaihe hydrolysis of the fluorogenic
substrates Z-Arg-Ala-AMC, Z-Phe-Ala-AMC, and Z-Tyr-
Ala-AMC catalyzed by cruzain was monitored in continuous
assays. Briefly, Z-Arg-Ala-AMC, Z-Phe-Ala-AMC, or Z-
Tyr-Ala-AMC (final concentration of 5.0« 1077 to 4.0 x
10°° M) was mixed with the cruzain solution (final concen-

: : _ _ tration of 1.0x 1077 to 4.0 x 10°° M), and fluorescence
Ficure 1. Schematic representation of the three-dimensional

(19Tl (380 nm excitation wavelength and 460 nm absorption
models of the noncovalent complexes formed by cruzain with
Z-Arg-Ala-AMC (A), Z-Phe-Ala-AMC (B), and Z-Tyr-Ala-AMC wavelength) was measured, at pH 6.5 (phosphate buffer,
(C). The substrates, the catalytic triad residues (Cys25, His159, and= 0.1 M) and 37.0°C. The amount of Z-Arg-Ala-AMC,
Asn175), and Glu205 are depicted in stick representation. For Z-Phe-Ala-AMC, and Z-Tyr-Ala-AMC hydrolyzed by cruzain
clarity, only the A conformations (see the Materials and Methods) (j.e., of AMC released) was calibrated letting the enzymatic
of the cruzain:Z-Arg-Ala-AMC and cruzain:Z-Tyr-Ala-AMC com-
plexes are shown. Note the substrate-directed conformation of
Glu205 in the cruzain:Z-Arg-Ala-AMC and cruzain:Z-Tyr-Ala- ! Abbreviations: AMC, 7-amino-4-methylcoumarin; Z-Arg-Ala-
AMC complexes and the solvent-oriented conformation of Glu205 AMC, N-o-benzyloxycarbonyl-arginyl -alanine-(7-amino-4-meth-
in the cruzain:Z-Phe-Ala-AMC complex. The figure was made with  ylcoumarin); Z-Arg-Ala-FMK, N-a-benzyloxycarbonyl-arginyl--
Grasp 84). alanine fluoromethyl-ketone; Z-Phe-Ala-AM®E;o-benzyloxycarbonyl-
L-phenylalanyle-alanine-(7-amino-4-methylcoumarin); Z-Phe-Ala-
FMK, N-a-benzyloxycarbonyl-phenylalanyl:-alanine fluoromethyl-
; in_li ; ; i ketone; Z-Tyr-Ala-AMC N-a-benzyloxycarbonyl-tyrosyl-alanine-
Interestlngly, papain I_II_(e cysteine prOteaseS’_WhICh display (7-amino-4-methylcoumarin); Z-Tyr-Ala-FMKy-a-benzyloxycarbonyl-
a Ser residue at position 205, are characterized by a 100+ -tyrosyl--alanine fluoromethyl-ketone.
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reaction go to completion and measuring the total amplitude
of the signal 21).

Determination of Catalytic Parameter&inetics of the
cruzain-catalyzed hydrolysis of Z-Arg-Ala-AMC, Z-Phe-Ala-
AMC, and Z-Tyr-Ala-AMC was analyzed in the framework
of the minimum three-step mechanism (Schemed1 21—

24). E is the enzyme; S is the substrate; E:S is the reversible

rapidly formed enzyme/substrate complexPHs the acyl
intermediate; P1 is the fluorogenic (i.e., AMC) hydrolysis
product; P2 is the nonfluorogenic (i.e., Z-Arg-Ala, Z-Phe-
Ala, or Z-Tyr-Ala) hydrolysis productKs is the dissociation
equilibrium constant for the formation of the reversible E:S
complex;ky, is the first-order acylation rate constaktz is

the first-order deacylation rate constaldt; (=k+sK¢/(K+2 +
k+3)) is the Michaelis constant; angy; (=K:2K:s/(Ki2 + Ki3)

= Vma{[E], Where Vinax and [E] represent the maximum
velocity at [S]> 10K, and the active enzyme concentration,
respectively), is the catalytic constant. More complex
catalytic mechanisms cannot be ruled out. Among others,
we cannot exclude that the rate-limiting step may be

represented by a conformational change(s) following product

P, dissociation and preceding the recovery of the active E
species, ready for the next catalytic cycle, instead of the
deacylation step. However, this reaction pathway is kineti-
cally indistinguishable from the simple three-step mechanism
(Scheme 1).

Values ofKp, Kear andkea/Km were determined from plots
of the initial rate for substrate hydrolysis (i.e;) versus [S],
with [S] = 5[E], according to the Michaelis eq B,(21—
24)

v = Kear X [SJ/(K, + [S]) 1)

When [S]= 5[E], the differential equations arising from
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[S] andl versus [S], with [SE 5[E] andky, > ki3, according
to egs 4 and 5.

Values ofKs, kiz, andk./Ks were determined from the
dependence of the first-order rate constant for the formation
of the E:P complex (i.ek) on the enzyme concentration,
with [E] > 5[S], according to eq 69 21—24)

k= ki [EJ/(Ks+ [E]) (6)

Values ofk;3; were calculated from values &, keas Ks,
andk;, according to eqs 7 and 8,(21—24)

Kia = Kokl (Kip — Koad
Kig = KK/ (Ks = Kpp)

(7)
(8)

A statistical analysis was performed using Studentest
with the INSTAT software system for Windows. In all cases,
probability () values below 0.005 were considered signifi-
cant.

Best fit of the experimental data to Scheme 1 was
performed using GEPASI 3.3@%—27). The program carries
out the nonlinear minimization of the kinetic constants by
means of numerical integration at variable steps of the
ordinary differential equations.

Molecular StructuresMolecular models of the noncova-
lent complexes formed by cruzain with Z-Arg-Ala-AMC,
Z-Tyr-Ala-AMC, and Z-Phe-Ala-AMC (i.e., E:S in Scheme
1) were derived from the crystal structures of the covalent
adducts formed by reaction of cruzain wiho-benzyloxy-
carbonylt-arginyli-alanine fluoromethyl-ketone (Z-Arg-
Ala-FMK) (PDB code 2AIM) (@4), N-a-benzyloxycarbonyl-
L-tyrosyl+-alanine fluoromethyl-ketone (Z-Tyr-Ala-FMK)
(PDB code 1AIM) @4), and N-a-benzyloxycarbonyl-
phenylalanylt-alanine fluoromethyl-ketone (Z-Phe-Ala-
FMK) (15) (i.e., EP in Scheme 1). These inhibitors bind
covalently to cruzain at Cys25 with the concurrent release
of fluoride. In the cruzairZ-Arg-Ala-FMK complex, two
different conformations with approximately 40 and 60%
occupancy were observed for the Arg iResidue 14). In

Scheme 1 may be solved to describe the time course of Pithe high-occupancy conformation (conformation A), thought

release (eqs-25) (9, 21—-24).
[Pl = kof EI{ L + K /IS + [EI(L — &™) (2)
where

7 = o[E] 3)

corresponds to the total amplitude of the burst phase of P1

release
a = {ky/(k, + Kyg)/(1+ Km/[S])}2 (4)
is the molar fraction of the substrate-bound enzyme, and
I'={k.o[SV(Ks+ [SD} + kys ®)

is the first-order rate constant for the burst phase of P1
release. According to eqs-5, whenky, > ki3, a burst of
P1 release of amplitude with a first-order rate constat
is experimentally detectable. Therefore, valueKgf K,
ko, kio/Ks, andk.s were determined from plots afo versus

to be the more physiologically relevant, the Argstle chain
forms a salt bridge, characterized by good geometry and
distances, with Glu205. The low-occupancy conformation
(conformation B) is a crystal-packing artifact in that the
guanidinium group of the ArgJ%ide chain is rotated out of
the S pocket and forms a salt bridge with the C terminus of
another cruzain molecule in the unit cell. In the cruzain
Tyr-Ala-FMK complex, two different conformations for
Glu205 were modeled in the final electron-density mbf).(

In the high-occupancy (70%) conformation (conformation
A), Glu205 side chain is positioned such as to interact with
the TyrR hydroxyl group. In the low-occupancy (30%)
conformation (conformation B), Glu205 is rotated away from
the inhibitor and fully solvent-exposed.

The coordinates of cruzain:Z-Arg-Ala-AMC, cruzain:Z-
Tyr-Ala-AMC, and cruzain:Z-Phe-Ala-AMC noncovalent
complexes (i.e., E:S in Scheme 1) were obtained by breaking
the covalent bond between the cruzain Cys25 residue and
Z-Arg-Ala-MK, Z-Tyr-Ala-MK, and Z-Phe-Ala-MK and
adding the AMC group to the substrate carbonyl carbon using
the Biopolymer module of Insightll (Molecular Simulations
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Inc., San Diego, CA). The geometry of the AMC group AG,(€,€5) = AGgoy(€) T AGg i (€iv€0) (10)
relative to theN-a-benzyloxycarbonyl-aminoacyl-Ala moiety
was modeled so as to avoid steric clashes with cruzain sidewhere AGe((ei,€,) is the change in electrostatic free energy
chains. The model-built structures were stereochemically for the two reactants with interior dielectric constanin a
regularized as previously describéd). Briefly, the modeled  medium of dielectric constamt, AGeou(ei) is the Coulombic
complexes were first energy-minimized and then subjected interaction between the two species in a medium of dielectric
to a 60 ps molecular dynamics simulation run in explicit constant;, andAGsu€i,€0) is the change in solvation energy
solvent using CHARMM 28) and the CHARMM22 param-  upon transfer of the reactants from a medium of dielectric
eters and force field 29). Equilibrium, as judged by  constant; to a medium of dielectric constass.
convergence of the root-mean-square deviation (rmsd) of Electrostatic potentials were calculated using DelB#),(
non-hydrogen atoms positioned from the initial structures which solves the finite difference PoisseBoltzmann equa-
(Armsd < 0.05 A) was reached in all complexes after tion for molecules of complex shape by mapping the
approximately 40 ps. dielectric and charge distribution of the molecules in a three-
Note that the model of the cruzain:Z-Phe-Ala-AMC dimensional grid. Atomic charges and radii were taken from
complex (Figure 1) is in good agreement with the X-ray the PARSE parameter s&5), and values of 2 and 80 were
structure of two noncovalent complexes formed by cruzain chosen for the dielectric constant of the molecules and
with hydroxymethyl ketone inhibitors displaying a Phe solvent, respectively. The grid resolution was set to 3 grid
residue at position £(30). The rmsd value calculated on units/A. EachAGs, value is the average of seven different
the Phe RPatoms is in both cases lower than 0.5 A (data not calculations in which the molecules were translated in the
shown). However, the complexes formed by cruzain with grid by +1.0 A increments along the three axes. In each
hydroxymethyl ketone reversible inhibitors do not yield case, the deviation chGs, was less thar:0.1 kcal/mol.
covalent adducts (i.e.,"B; see Scheme 1) because of the = The nonpolar contribution to binding was calculated
unfavorable geometry for the attack of the thiol group of according to eq 113(1)
the catalytic Cys25 residue to the electron acceptor ketone
C atom @0). Thus, we cannot exclude that in solution the AG, = Vanle (11)
occupancy of the Sspecificity subsite by the Aesidue of
the Z-aminoacyl-aminoacyl-AMC substrates is lower than wherey .y is the microscopic surface tension associated with
that observed in the crystals of cruzaimhibitor covalent  the transfer of an alkane from liquid alkane to water agd
and reversible complexe44, 30). is the curvature-corrected accessible area lost by the two

Binding Free-Energy Calculations3inding energy cal- interact_ing partners upon complexation. Correction of the
culations were carried out on both conformers of the cruzain; accessible area for curvature is needed to take into account
Z-Arg-Ala-AMC and cruzain:Z-Tyr-Ala-AMC complexes the increase in hydrophobicity of the concave regions of the
(see above). However, it must be kept in mind that the B Protein surface 34, 36). ya, was set at 58.18 calfA(12
conformation of the cruzain:Z-Arg-Ala-AMC complex (40% 31), andA. was calculated using SURFCY). _
occupancy) is a crystal-packing artifact and that the oc- Conformational entropy Ios_s of the nonpeptidic portions
cupancy of the B conformation of the cruzain:Z-Tyr-Ala- of the substrates upon binding to cruzain was calculated
AMC is only about 30% 14). Thus, values obtained on the &ccording to eq 1238)

A conformers of both the cruzain:Z-Arg-Ala-AMC and

cruzain-Z:Tyr-Ala-AMC complexes (Figure 1) are the most —TAS= zRTm(Nfree/NbounJ (12)
appropriate to compare experimental and calculated binding ) _ ) )
energy values. whereNgee is the number of torsion angles available in the

The method used here for the calculation of the total UnPound state anlhoungis the corresponding number in the
binding free energyAGy for protein/ligand interaction is bound state. As more than 60% of the total surface area of

based on the energy decomposition proposed by Froloff andthe substrates b_ecomes bur.ied upon binding to cruzain (data
co-workers 81). Then,AGy can be written according to eq not shown), their conformation was considered fixed in the

9 bound state. Thus, three configurations per rotatable bond
were assumed in the free state and only one, in the bound
AGy = AGqy + AGy, + AGyn— TAS, — TAS — state §8).

Conformational entropy loss for the protein side chains
and for the peptidic portions of the substrates was obtained
from the entropy scale of Pickett and SternbeR$)(
whereAGq is the electrostatic contribution to bindingGn, developed assuming that side chains that are less than 40%
is the contribution because of nonpolar interactions betweenpuried rotate freely, while side chains that are more than
the protein and the ligand\Gstain is @ term that includes  40% buried are restricted to one rotamag)( Percentage
possible distortions of the protein and substrate upon complexof buried area was calculated with SURFC37) as the ratio
formation, TAS is the loss of conformational entropy of petween the accessible area of the amino acid side chain in
the protein side chain(s) upon ligand bindifigAS is the  the extended state and in the proteiXGeyain and TAS;,
corresponding term for the ligand, afidS describes the  cannot be calculated directly and thus are a major source of
loss of translational and rotational degrees of freedom.  error in the calculations. However, their contribution is

AGg was calculated as the sum of the Coulomb and expected to be very similar for all complexes. Thus, the error
solvation energies of the complexinusthose of the isolated ~ should affect mainly absolute binding energy values while
species according to eq 182 33) still allowing a careful comparison of the other energetic

TAS, (9)
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Ficure 2: Time-course of the burst phase of AMC release during
the cruzain-catalyzed hydrolysis of Z-Arg-Ala-AMC (A). The
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burst phase conforms to a single-exponential decay for more
than 90% of its course (Figure 2), and the dependence of
the molar fraction of the substrate-bound enzyme (i/e)

and of the first-order rate constant for the burst phase of
AMC release (i.e.l) on the substrate concentration follows
simple saturation kinetics (Figure 3). According to eqr3,

is a linear function of the cruzain concentration at fixed [S]
(data not shown).

Under all of the experimental conditions, no lag phase is
detectable in AMC release after mixing E with S ([E]
5[S]), indicating that the process of E:S formation from E
and S is complete within 2 ms, the dead time of the rapid-
mixing stopped-flow apparatus. Such a finding is consistent
with the following values of rate constants obtained from
the nonlinear fitting procedurek; (=k-1/K¢ = 10 x 1C°
M~tstandk_; = 80 s! (Figure 2). This agrees with the
classical assumptiok_; > ki, (21—24).

The analysis (according to eq 6) of the pre-steady-state

dashed line was extrapolated from the steady-state phase of Amcréaction (i.e.k versus [E]) allows determination &, k.,
release after more than five half-times of the burst phase. The totalandk:»/Ks values (Figure 3 and Table 1). Under all of the

amplitude of the burst phase of AMC release (i®.corresponds

to 0.65x 1078 M cruzain. The experimentally determined value
of o (=0.33; inset) is in excellent agreement with that calculated
according to eq 4o = 0.32). The time course of the burst phase
conforms to a single-exponential decay for more than 90% of its
course Q indicate experimental data). The experimentally deter-
mined value ofl (=0.48 s1; inset) corresponds to that calculated
according to eq 5I(= 0.48 s1). The continuous line represents
the best fit of the experimental data carried out by nonlinear
minimization of the kinetic constants by means of numerical
integration at variable steps of the ordinary differential equations.
The following parameters were foundk;; > 1 x 10 M~1 s,

k-1 = 80 51, Ks (:k_1/k+1) = (8 + 4) x 1076 M, kip =05+
0.05 s, andky3 = 0.2+ 0.03 s'L. Residual error plot (experimental
minussimulated data) from the nonlinear minimization procedure
(B). All data were obtained at pH 6.5 and 370, with [S]= 1.0

x 1075 M and [E] = 2.0 x 1076 M. For further details, see the
text.

terms, which determine substrate binding to cruzain in
relative terms (for further details, see rE3).

RESULTS AND DISCUSSION

Kinetic Analysis for Cruzain ActioniWhen [S]> 5[E],
the cruzain-catalyzed hydrolysis of Z-Arg-Ala-AMC, Z-Phe-
Ala-AMC, and Z-Tyr-Ala-AMC shows, in the early stages

of the reaction, an instantaneous release of AMC (i.e., P1,;

experimental conditions, the time course of the pre-steady-
state reaction conforms to a single-exponential decay for
more than 90% of its course and the dependence of the first-
order rate constant for the pre-steady-state reactionK).e.,
on the enzyme concentration follows simple saturation
kinetics (Figure 3).

Kinetics for the cruzain-catalyzed hydrolysis of Z-Arg-
Ala-AMC, Z-Phe-Ala-AMC, and Z-Tyr-Ala-AMC consis-
tently fit the minimum three-step mechanism (Scheme 1) of
cysteine protease®,(21—-24), as demonstrated from the
almost identical values of kinetic parameters obtained under
very different conditions (see Figures 2 and 3 and Table 1).

Data shown in Table 1, analyzed in the framework of the
minimum three-step mechanism (Scheme 1), indicate that
the deacylation step (i.&k;3; see Scheme 1) is rate-limiting
for the cruzain-catalyzed hydrolysis of Z-Arg-Ala-AMC,
Z-Phe-Ala-AMC, and Z-Tyr-Ala-AMC (Table 1). It cannot
be excluded that instead of the deacylation step, the rate-
limiting step may be represented by a conformational change-
(s) following product R dissociation and preceding the
recovery of the active E species ready for the next catalytic
cycle. However, these two catalytic mechanisms are kineti-
cally indistinguishable because the chromophore is repre-
sented by the Pproduct. Note that in papain and ficin the

see Scheme 1) preceding the steady-state reaction (burstate-limiting step in the hydrolysis of susbstrates displaying

phase) (Figure 2).

Arg or Lys at position Pis represented by a conformational

The analysis (according to eq 1) of the steady-state reactionchange preceding the acylation and deacylation s#é@s (

(i.e.,v; versus [S]) allows determination &, Kear andkead
Km values (Figure 3 and Table 1). Under all of the

In this case, kinetics does not fit the minimum three-step
catalytic mechanism depicted by Scheme 1.

experimental conditions, the fluorescence change (i.e., the Binding Energy Calculation for Cruzain/Substrate Rec-
AMC formation) is linear over the assay time (3 min) (Figure ognition The three-dimensional models of the cruzain:Z-

2), the dependence of the initial velocity (i.e;) on the

Arg-Ala-AMC, cruzain:Z-Phe-Ala-AMC, and cruzain:Z-Tyr-

substrate concentration follows simple saturation kinetics Ala-AMC noncovalent complexes (i.e., E:S in Scheme 1)

(Figure 3), andu; is a linear function of the cruzain
concentration at fixed [S] (data not shown).

are shown in Figure 1, and the calculated energy terms that
characterize their formation are given in Table 2.

The analysis (according to egs 4 and 5) of the burst phase The total electrostatic free energy opposes binding of

of AMC release (i.e.y/o versus [S] and versus [S]) allows
determination oKp, Kg, ki2, kio/Ks, andk;; values (Figure
3 and Table 1). Under all of the experimental conditions,
the value of the total amplitude of the burst phase (iz.,

Z-Arg-Ala-AMC, Z-Phe-Ala-AMC, and Z-Tyr-Ala-AMC to

cruzain. Decomposition of the electrostatic free energy into
Coulombic and solvation free energy shows that this is due
to the cost of desolvating the polar groups of the protein

obtained experimentally is in agreement with that calculated and substrates upon binding. In fact, in all of the complexes,
according to eq 3 (Figures 2 and 3). The time course of the the AGg, value is positive and overcomes the stabilizing
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Ficure 3: Effect of the substrate concentration (i.e., [S]) on the initial velocity (iseA), on the molar fraction of the substrate-bound
enzyme (i.e.»/a; B), and on the first-order rate constant of the burst phase I(i.€), for the cruzain-catalyzed hydrolysis of Z-Arg-Ala-

AMC (O), Z-Phe-Ala-AMC @), and Z-Tyr-Ala-AMC (), with [S] = 5[E]. Effect of the enzyme concentration (i.e., [E]) on the first-order

rate constant of the pre-steady-state reaction K.®) for the cruzain-catalyzed hydrolysis of Z-Arg-Ala-AMOY, Z-Phe-Ala-AMC (),

and Z-Tyr-Ala-AMC @), with [E] > 5[S]. All data were obtained at pH 6.5 and 370. For clarity, only standard deviation and solid

lines referring to the cruzain-catalyzed hydrolysis of Z-Arg-Ala-AMC have been reported. The standard deviation is essentially the same
for all of the substrates. Solid lines were calculated according to egs 1 (A), 4 (B), 5 (C), and 6 (D) with values of catalytic parameters given
in Table 1. Solid lines were obtained with an iterative nonlinear least-squares curve-fitting procedure. Vajue&of, andk obtained

at different [S] and [E] are significantly different from each othpr< 0.001). For further details, see the text.

Table 1: Values of Kinetic Parameters for the Hydrolysis of Z-Arg-Ala-AMC, Z-Phe-Ala-AMC, and Z-Tyr-Ala-AMC Catalyzed by Cruzain (at
pH 6.5 and 37.0C)

substrate
kinetic parameters Z-Arg-Ala-AMC Z-Phe-Ala-AMC Z-Tyr-Ala-AMC
Km x 10° (M) 251022 21+02 21+0.22
24+0.2 2.3+0.1° 22+0.2
Keat (S71) 0.15+ 0.02 0.14+ 0.02 0.13+0.02
(KeafKm) x 1P (M~1s7%) 0.060+ 0.006 0.067+ 0.007 0.062+ 0.007
Ks x 10° (M) 8.0+ 0.6° 7.1+ 0.6 6.8+ 0.5
7.8+ 0.6 6.9+ 0.5 7.0+ 0.6
ki2 (s 0.49+ 0.02 0.46+ 0.02 0.45+ 0.02
0.50+ 0.0F 0.45+ 0.03 0.44+0.03
0.48+ 0.04 0.43+0.03 0.45+ 0.03
(ki2fKg) x 10°(M~1s7Y) 0.063=+ 0.006 0.063=+ 0.007 0.065=+ 0.006
0.062+ 0.006' 0.062+ 0.007 0.064+ 0.006'
ks (s7Y) 0.21+0.02 0.18+ 0.02 0.20+ 0.0
0.20+ 0.0Z 0.18+ 0.0Z 0.22+ 0.0Z
0.21+0.02 0.20+ 0.03 0.18+ 0.02
0.23+0.02 0.19+ 0.02 0.20+ 0.03

aValues ofKm, kea, andkea/Km were determined according to eq®Values ofKy, ki, andk,s were determined according to eq®4/alues of
Ks, Ki2, ki2/Ks, andk;3 were determined according to eq®values ofKs, ki», andk;»/Ks were determined according to eq®/alues ofk,; were
calculated according to eq fValues ofk.3; were calculated according to eq 8.

effect of Coulombic interactions. In particular, it is worth- As already observed in similar studigd(31), the driving
while to note that the more negative th&.,, value is, the force for Z-Arg-Ala-AMC, Z-Phe-Ala-AMC, and Z-Tyr-Ala-
more positive theAGg value is, balancing out the two AMC binding to cruzain is provided by nonpolar interactions.
components and yielding very similAGg values for all of In all of the three complexes analyzed, more than 60% of
the three complexes, irrespective of the polar or nonpolar the total accessible area of the substrate is buried in the
nature of the Pside chain of the substrates considered (Table complex resulting in a stabilization ranging approximately
2). from —40 kcal/mol to—50 kcal/mol (Table 2). The higher
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Table 2: Comparison between Calculatéds) and ExperimentalXGeyy) Binding Free-Energy Values of Cruzain:Z-Arg-Ala-AMC,
Cruzain:Z-Phe-Ala-AMC, and Cruzain:Z-Tyr-Ala-AMC Complex Formation

substrate AGcou AGson AGe AGyy —TAS, —TAS AGp AGex?
Z-Arg-Ala-AMC (A)°© —205.5 +222.8 +17.3 —48.2 +5.4 +3.6 —22.0 —7.2
Z-Arg-Ala-AMC (B)°© —190.2 +212.1 +21.9 —45.8 +5.4 +3.6 —15.0
Z-Phe-Ala-AMC —22.5 +40.1 +17.6 —40.1 +2.0 +1.2 —19.3 -7.3
Z-Tyr-Ala-AMC (A)°© —30.0 +55.2 +25.2 —48.6 +3.7 +2.0 —18.0 -7.3
Z-Tyr-Ala-AMC (B)°© —30.8 +49.0 +18.2 —49.7 +3.7 +2.5 —25.3

2 All energy values are reported in kcal/m®IAGey, represents experimentally determined binding energy values calculatecKfremiues
reported in Table 1¢ The letters A and B after the substrate name identify the two different conformations of the sddgRehain in the cruzain:
Z-Arg-Ala-AMC complex and of the Glu205 side chain for the cruzain:Z-Tyr-Ala-AMC complex. The B conformation of the cruzain:Z-Arg-Ala-
AMC complex (40% occupancy) appears to be a crystal-packing artifact in that the gidgRchain is rotated out of the Bocket and forms a salt
bridge with the C terminus of another cruzain molecule in the unit &d)l. (n the B conformation of the cruzain:Z-Tyr-Ala-AMC complex (30%
occupancy), Glu205 is rotated away from the inhibitor and fully solvent-expdsd (

Table 3: Values of the Electrostatic EnergyGe) for the Interestingly, the interaction between the Phe P2 side chain
Interaction of the Z-Arg-Ala-AMC, Z-Phe-Ala-AMC, and and Glu205 is only marginally more destabilizing than the
Z-Tyr-Ala-AMC P, Side Chains with the Cruzain Glu205 Resitlue one with Arg. This is due to a very low desolvation penalty
substrate AGcouP AGeoi? AGq (3.0 kcal/mol; see Table 3) attributable to the fully solvent-
Z-Arg-Ala-AMC (A)® 357 +521 1164 exposed conformation of Glu205 in the cruzain:Z-Phe-Ala-
Z-Arg-Ala-AMC (B)© -22.2 +47.8 +25.6 AMC complex. This result represents a further demonstration
%—_Fr’heﬁlaﬁh'/l\ﬂccm)c +jg-g ;ﬁ-g Hg-g of the concept that electrostatic interactions, although
- yr- a_ . . . . . apr = ._
Z-Tyr-Ala-AMC (B)" 1129 153 1182 contributing to the specificity of (macro)molecular recogni

, tion, are generally destabilizing from the energetic viewpoint
aAll energy values are reported in kcal/mBIAGeou and AGso (12)
A12).

values have been calculated assigning a charge only to the substrate
side chain and to the Glu205 side chain while keeping the rest of the
protein and substrates unchargeSee Table 2. CONCLUSIONS

- Present results indicate that the minimum reaction Scheme
AGpp value calculated for the cruzain:Z-Phe-Ala-AMC 1 s gperative in cruzain. The catalytic parameters for the

complex is due to a different conformation of the benzyl- ¢ ;75in-catalyzed hydrolysis of fluorogenic substrates Z-Arg-
oxycarbonyl group (Figure 1), which yields a lower contact Ala-AMC, Z-Phe-Ala-AMC, and Z-Tyr-Ala-AMC showing
surface between the enzyme and the substrate. However, th%rg Phe, or Tyr at the Pposition are identical (Table 1).

higher_AanvaIue in this complex _is compensated by a lower This reflects the ability of the cruzain Glu205 residue to
entropic penglty bec_ause of a higher degree of freedpm Ofrotate toward the Ssubsite and interact with the substrate/
the cruzain side chains and benzyloxycarbonyl group itself. inhibitor polar B residues (e.g., Arg or Tyr) while being

In fact, as can be seen fromTAS, and—TAS values (Table fully solvent-exposed when substrate/inhibitor nonpolar P

2), restriction of 'the tors[onal motion of _the substrate and residues (e.g., Phe) fit the Subsite (see Figure 1 and refs
cruzain side chains forming the binding interface accounts 1416 and 20)

for only 3.2 kcal/mol in the cruzain:Z-Phe-Ala-AMC, while
the entropic penalty is 6.0 and 9.0 kcal/mol in the cruzain: Theoretical calculations underline the relevant energetic
Z-Tyr-Ala-AMC and cruzain:Z-Arg-Ala-AMC complexes, terms determining the low specificity of cruzain. In particular,
respectively. the mobility of Glu205 allows this residue to minimize the
Translational and rotational entropy loss and any strain desolvation penalty due to binding of hydrophobic residues
induced in cruzain and/or in the substrate upon complex in the S subsite of cruzain while maximizing Coulombic
formation make a destabilizing contribution to binding. These interactions when charged residues bind in thesbsite.
contributions cannot be calculated directly, even though their This is the opposite of what is observed in bovii&ypsin
magnitude should not exceed-105 kcal/mol B1), espe- in which highly specific recognition of substrates and
cially in highly rigid systems such as proteas&g)( Thus, inhibitors is achieved by partial burying of Asp189 on the
calculated binding free energies are expected to be betweerbottom of the $ recognition pocket. This decreases the
10 and 15 kcal/mol more negative than the experimental penalty for desolvation of this residue upon complexation,
ones, as indeed observed (Table 2). This result confirms theresulting in a favorable electrostatic contribution of the ion
reliability of the energy decomposition used in the present pair formed with the substrate/inhibitor Lys Bide chain
study in the analysis of the relative weight of the energetic (12). This is not observed in cruzain, in which Glu205 is
terms contributing to substrate binding to cruzain. fully solvent-exposed in the substrate-free enzyme. Thus,
An interesting result is the substantial similarity A6, when a basic residue binds to ther8cognition subsite, the
values for Z-Arg-Ala-AMC, Z-Phe-Ala-AMC, and Z-Tyr-  energetic cost of desolvating the two interacting partners is
Ala-AMC binding to cruzain. A deeper analysis of the such as to overcome the stabilization due to Coulombic
individual contribution of the interaction between Glu205 interactions. From this viewpoint, novel inhibitors of cruzain
and the R residue of the substrates considered (Table 3) could be designed trying to minimize the desolvation penalty
reveals that this interaction makes a significant destabilizing involved in the binding of a basic.Presidue to the $
contribution to complex formation even when a strong salt recognition subsite. This could be achieved by the introduc-
bridge is formed between the Arg P2 side chain and Glu205. tion of a positively charged group in which the charge is
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delocalized over a bigger volume, thus increasing the Born
radius of the cation and decreasing the energy involved in
its desolvation. As an example, cruzain displays a 15-fold
decrease ik, toward the substrate Z-Pya-Arg-AMC (where
Pya isL-3-pyridyl-alanine, a positively charged group in
which the charge is delocalized over the six-membered ring)
as compared to Z-Arg-Arg-AMCA(Q). L-3-Pyridyl-alanine

is a weaker base than arginine with an increased hydrophobic
character 41), but charge desolvation effects likely play a
role in such a significankK, decrease.

The concepts illustrated in the present study are substanti-
ated by the recent characterization of an avirulence protein
from the plant pathogerPseudomonas syringagamed
AvrPphB, which belongs to a novel family of cysteine
proteases42, 43). In fact, AvrPphB displays a papain-like
fold with a deep and positively charged@cket @3), which
confers to the enzyme the specificity toward substrates with
acidic residues at the,Pposition @2). The presence of a
solvent-screened Arg residue on the bottom of the AvrPphB
S; specificity subsite allows selective binding of negatively
charged residues minimizing the desolvation penalty, as
observed for boving-trypsin (2).

As final cautions, it must be noted that a failure of the
substrates Presidue to bind to the Sspecificity subsite in
the initial E:S complex would provide an alternative expla-
nation for the observation of similar catalytic parameters
(e.g.,Ks values) for the three Z-aminoacyl-aminoacyl-AMC
substrates studied. Moreover, more complex catalytic mech-
anisms could be operative such as the one in which the rate-
limiting step of the cruzain catalysis is represented by a
conformational change followingProduct dissociation and
preceding the recovery of the active E species ready for the
next catalytic cycle.

Last, Z-Arg-Ala, Z-Phe-Ala, and Z-Tyr-Ala derivatives
may represent molecular models for the development of
“suicide” substrates (i.e., withz ~ 0 s1) of parasitic

cysteine proteases that may act as antiparasitic agents. g

Remarkably, Z-Phe-Ala-FMK stoichiometrically inhibits
cruzain and greatly reducds cruzi parasitemia in a cell-
culture system, without adverse effects to mammalian cells
(14).
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