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Abstract

Cruzain, an important drug target for Chagas disease, is a member of clan CA of the cysteine
proteases. Understanding the catalytic mechanism of cruzain is vital to the design of new
inhibitors. To this end, we have determined pH-rate profiles for substrates and affinity agents
and solvent kinetic isotope effects in presteady-state and steady-state modes using three substrates:
Cbz-Phe-Arg-AMC, Chz-Arg-Arg-AMC, and Cbz-Arg-Ala-AMC. The pH-rate profile of k., /K.,
for Cbz-Arg-Arg-AMC indicated pK, = 6.6 (unprotonated) and pK,~9.6 (protonated) groups were
required for catalysis. The temperature dependence of the pk = 6.2 — 6.6 group exhibited a 4H,,
value of 8.4kcal/mol, typical of histidine. The pH-rate profile of inactivation by iodoacetamide
confirmed that the catalytic cysteine possesses a pK, of 9.8. Normal solvent kinetic isotope
effects were observed for both P20k,(1.6 — 2.1) and D:Ok.,/K,,(1.1 — 1.4) for all three substrates.
Pre-steady-state kinetics revealed exponential bursts of AMC production for Cbz-Phe-Arg-AMC
and Cbhz-Arg-Arg-AMC, but not for Chz-Arg-Ala-AMC. The overall solvent isotope effect on k.,
can be attributed to the solvent isotope effect on the deacylation step. Our results suggest that
cruzain is unique among papain-like cysteine proteases in that the catalytic cysteine and histidine
have neutral charges in the free enzyme. The generation of the active thiolate of the catalytic
cysteine is likely preceded (and possibly triggered) by a ligand-induced conformational change,
which could bring the catalytic dyad into the proximity to effect proton transfer.
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Cruzain is the major cysteine protease expressed by 7rypanosoma cruzi, the causative agent
of Chagas disease.> With Chagas disease categorized as one of the most important neglected
tropical diseases (NTDs), it is estimated that almost 8-9 million people are currently
affected by this disease, with 50000 new cases annually reported in Latin America and

the Caribbean.2 Present treatment options of Chagas disease are limited to benznidazole and
nifurtimox, both of which have severe side effects and are inefficacious against long-term
infections.® The viability of cruzain as a drug target for new trypanocidal agents was
demonstrated both in cell culture*® and in animal models,8.7 although its exact physiological
role remains unclear. Recent studies have suggested that cruzain is potentially involved in
immune evasion through its proteolysis of NF-xB P65,8 and the activation of latent TGF-
that induces increased infectivity of 7. cruzi®

Extensive efforts over the past three decades to develop inhibitors or covalent inactivators
of cruzain have encompassed structure-based design, high-throughput screening, and virtual
screening.10 The most successful inhibitor developed so far is K11777, which is comprised
of a phenylalanyl-homophenylalanyl dipeptide “scaffold” linked to an electrophilic vinyl
sulfone warhead that forms an irreversible Michael adduct with the eponymous active-site
cysteine (Figure 1).11 K11777 cures Chagas disease in mouse models and protects dogs
from cardiac damage during 7. cruziinfection.12 However, preclinical studies of K11777
were halted because of its poor tolerability in primates and dogs even at low doses, which
may be attributable to its irreversible mode of inactivation.

While the development of new cruzain inhibitors has been extensive, no detailed studies of
the catalytic mechanism of cruzain exist. Sequence analysis and substrate profiling studies
indicate that cruzain is a member of the cathepsin L-like papain family and belongs to

clan CA of the cysteine proteases.13:14 The active sites of cysteine proteases contain a
catalytic cysteine-histidine “dyad” that exists as either a neutral Cys-SH:His or a thiolate-
imidazolium ion pair Cys-S™:H-His* species in the free enzyme. The initial protonation
state of this catalytic dyad has been the subject of considerable debate.15-18 Only recently
has the catalytic mechanism of cruzain been investigated by molecular dynamics. In
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that study, an imidazolium-thiolate catalytic dyad exists in ligand-free cruzain, and the
imidazolium ion of active-site His,q, protonates the amide nitrogen prior to attack of the
thiolate Cys,, on the amide carbonyl group.1® The catalytic mechanism of cysteine proteases
involves two discrete half-reactions: the acylation of the active-site cysteine by the scissile
carbonyl of the substrate with release of the amine product and the subsequent hydrolysis
of the enzyme—peptide thioester (deacylation) to produce the carboxylate product. During
acylation, the imidazolium ion of the active-site histidine provides the proton to the leaving
amine (Scheme 1). Kinetic and structural analysis of papain is consistent with a Cys-S™:H-
His* ion pair in the free enzyme.20-23 Kinetic studies by Schneck et al. demonstrated

that for human cathepsin C, like papain, the thiolate-imidazolium ion pair predominates

in the active site (Scheme 1) in which the pK values for the Cys (4.3) and His (6.5)
conform to “reverse protonation” of these residues, and the observed inverse solvent kinetic
isotope effect for k., /K, is consistent with enrichment of the thiolate ion in D,O in the

free enzyme.24 However, in other cysteine proteases/hydrolases, such as ubiquitin-specific
protease 1 (USP1), a neutral Cys-SH:His dyad exists in the free enzyme, as indicated by
normal sKIEs, and the binding of its protein substrate induces apparent proton transfer
from Cys-SH to the His to initiate catalysis.2®> Here we investigate in detail the catalytic
mechanism of cruzain by pH-rate profiles and the measurement of solvent kinetic isotope
effects on steady-state and pre-steady-state kinetics of the proteolytic reaction of different
dipeptide substrates.

EXPERIMENTAL PROCEDURES

Materials.

HisPur Ni-NTA Superflow Agarose was purchased from ThermoFisher. HiTrap Q Sepharose
FF columns were purchased from GE Healthcare. Deuterium oxide (=99.9% gram atom D)
was purchased from Cambridge Isotope Laboratories. Deuterium chloride [35% (w/w), 99%
D], sodium acetate, sodium deuterium oxide [40% (w/w), 99% D], TAPSO, TEA, DEA,
DEPC, MES, MMTS, disodium EDTA, glycerol, and sucrose were purchased from Sigma-
Aldrich. DNase | was purchased from Roche. Z-FR-AMC was purchased from Biotium.
Z-RR-AMC and Z-RA-AMC were purchased from Bachem or Enzo. All other chemicals
were reagent grade or better and used without further purification.

Enzyme Preparations.

General procedures for cruzain expression, purification, and activation were performed
according to published protocols26 with some modifications.

Protein Expression.—The plasmid encoding the C-terminally truncated procruzain

(Ac; GenBank entry M84342.1) was a generous gift from C. S. Craik. The primer 5’-
GCCTTGTCAAGGAGGCGGCGAGCTCCGCGGTGGTCGG-3’ was used to generate the
G208A mutant of cruzain. The sequence of this mutant plasmid was confirmed by Eton
Bioscience. ArcticExpress (DE3) cells were used as the expression strain. After inoculation
with frozen glycerol stocks of transformed ArcticExpress cells, small cultures (5 mL) of
Luria broth containing carbenicillin (100 zg/mL) and gentamycin (20 zg/mL) were grown
overnight at 37 °C to saturation. Five milliliters of this starting culture was added to 1 L of
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Terrific Broth medium containing the same amount of carbenicillin and gentamycin. After
being grown for ~6 h (ODgpg = 0.6), cultures were moved to 18 °C, and protein expression
was initiated by adding 0.4 mM isopropyl g-p-1-thiogalactopyranoside. Cells were harvested
after overnight expression, and the cell pellets were stored at —20 °C.

Protein Purification and Activation of Cruzain from Procruzain.—Frozen cell
pellets were thawed and resuspended at a concentration of 50 mL/L of growth medium in
lysis buffer [50 mM Tris (pH 10), 300 mM NaCl (buffer A), containing 10 mM imidazole, 1
mM CaCly, 1 mM MgSQy, 1 M DNase I, 1 mM phenylmethanesulfonyl fluoride (PMSF),
and 2 mM methylmethanethiosulfonate (MMTS)]. After resuspension, samples were lysed
via sonication (ThermoFisher model FB505 sonicator) with 20 s pulses (50% amplitude)
followed by 59 s intervals at 50% amplitude for a 10 min total period of sonication. The
resulting lysate was centrifuged at 17000g for 1 h. The supernatant was passed through a
0.2 pm filter prior to being loaded onto a HisPur Ni-NTA column (ThermoFisher Scientific)
equilibrated with buffer A. After being extensively washed with buffer A containing 50

mM imidazole, bound procruzain was eluted with buffer A containing 500 mM imidazole.
MMTS at a final concentration of 5 mM was added to each of the fractions containing
Hisg-tagged procruzain upon elution.

Fractions containing procruzain were combined and dialyzed overnight at 4 °C against 2 L
of activation buffer [5S0 mM sodium acetate (pH 5.0), 100 mM NaCl, and 0.1 mM disodium
EDTA] in the absence of reducing agents. The resulting cloudy solution was transferred

into 50 mL conical centrifuge tubes (1 L growth medium per 50 mL activation sample).
Autoproteolysis was initiated by addition of 10 mM DTT, followed by incubation at 37

°C for 1-3 h until the dialysate solution became completely clear. The clarified solution

was then dialyzed against 50 mM Tris (pH 8.0) to remove salts, and this dialysate was
loaded onto two 5 mL HiTrap Q FF columns connected in a series. Cruzain was eluted

with 500 mL of 50 mM Tris (pH 8.0) buffer containing a gradient of 50-400 mM NaCl.

The resulting cruzain was flash-frozen and stored at —80 °C in the eluant containing 20%
glycerol, at a protein concentration of 5 mg/mL. The protein was judged to be homogeneous
with >95% purity based on sodium dodecyl sulfate—polyacrylamide gel electrophoresis. The
N-terminus of the protein (HoN-APAAVD) was confirmed by Edman sequencing performed
by the Protein Chemistry Laboratory at Texas A&M University. Activation of cruzain
fractions required removal of MMTS. This was accomplished by five rounds of spin dialysis
versus assay buffer containing 5 mM DTT using a 10000 molecular weight cutoff Amicon
centrifuge tube. The final enzyme concentration was determined by absorbance at 280 nm
using an eygg value of 60430 M~1 cm™1 (oxidized Cys) or 59930 M~ cm™ (reduced Cys)
calculated from the ProtParam tool available on the Expasy server.2’

Enzyme Assays.

Unless otherwise noted, all enzyme assays were performed at 25 °C. Initial rates of the
peptidolytic reaction catalyzed by cruzain were measured by monitoring the fluorescence
generated by cleavage of the dipeptide—AMC bond. Assays were conducted in 96-well
plates (Greiner, flat-bottom, clear black plates) in a total volume of 250 L, containing
either 50 mM sodium acetate, 50 mM MES, and 100 mM TEA (pH 3.5-8.0) or 50
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mM MES, 50 mM TAPSO, and 100 mM DEA (pH 5.5-9.8), each mixed with 1 mM
CHAPS, 1 mM Nay,EDTA (Overlap Buffers), 5mM DTT, and 2 or 10% (v/v) DMSO.
Substrates were dissolved in 100% DMSO and then diluted 10-fold such that when they
were added to reaction mixtures, the final DMSO concentration was either 2% (v/v) (as
used in the pH studies such that high levels of DMSO would not obscure the acid/base
dissociation constants) or 10%. Reactions were initiated via the addition of 5 yL of

cruzain (final concentrations of 0.017-3.0 nM). Fluorescence was measured on either a
SpectraMax M5 (Molecular Devices) or a Synergy HTX (Biotek, Wisnooki, VT) microplate
reader (4., = 360nm; A, = 460nm). Initial rates were determined from continuous Kinetic time
courses and calculated from the earliest time points, typically in <10 min.

pH-rate Profiles.

The pH dependence of k., and k../K,, for cruzain-catalyzed peptidolysis of Z-FR-AMC,
Z-RR-AMC, and Z-RA-AMC was investigated at pH 3.5-10 with two different three-
component mixed buffer systems. Cruzain was preincubated for 30 min at each pH, after
which the pH was readjusted to 7.0 to determine the stability of the enzyme over the
experimental pH range. Cruzain activity was unchanged from pH 4.5 to 9.5, affording a
wide range for the evaluation of pH-rate profiles. To maintain a constant ionic strength of
0.1, 50 mM sodium acetate/MES and 100 mM TEA were used for pH 3.5-8.0 and 50 mM
MES/TAPSO and 100 mM DEA were used for pH 5.5-10.0 (Overlap Buffers):28 the pH
was adjusted with small aliquots of concentrated HCI or NaOH. There were no significant
differences in values of k., and K, at the overlap pH points for the two buffers. Typical
enzyme concentrations (wild type) used in Kinetic measurements were 17 pM, 0.17-1.7 nM,
and 1-70 nM for Z-FR-AMC, Z-RR-AMC, and Z-RA-AMC, respectively. Concentrations
for the E208A mutant of cruzain used in Kinetic measurements were 17 pM, 3.4-34 nM, and
20-1400 nM for Z-FR-AMC, Z-RR-AMC, and Z-RA-AMC, respectively. The temperature
dependence of the k.,/K,, of wild-type (WT) cruzain was determined in a single mixed buffer
of 50 mM MES/TAPSO, 100 mM DEA, 1 mM NayEDTA, and 1 mM CHAPS (pH 4.5-7.5)
at 25-40 °C. The apparent pH for the buffer was determined at each temperature used, and
data for log k... / K., versus pH were corrected for a diminution in pH of 0.012 unit/°C.

Solvent Kinetic Isotope Effects.

To determine the solvent Kinetic isotope effects of cruzain substrates, Overlap Buffers were
prepared in 100% D,0 and adjusted to the desired pD using either sodium deuteroxide

or deuterium chloride (pD 3.5-10). The calculated final percentage of deuterium in these
buffers was 93%, based on precedent.?4 pD values were determined as the measured pH
value + 0.4.2% Values of k., and k., /K,, for Z-FR-AMC, Z-RR-AMC, and Z-RA-AMC were
acquired from initial rate studies in deuterated Overlap Buffers also containing 5 mM DTT
and 2% DMSO. Solvent kinetic isotope effects were then ascertained from comparison

of the pH- and pD-independent values of these kinetic parameters as described in Data
Analysis. To rule out any viscosity effect of D,0 on the initial rate, the kinetic parameters
ke, and k./K,, were measured with 0.5-100 4M Z-FR-AMC in Overlap Buffers containing 5
mM DTT, 10% DMSO, and either 0-25% (w/v) sucrose or 0-12% (w/v) glycerol.
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Inactivation of Cruzain by lodoacetamide and Diethylpyrocarbonate.

WT cruzain (1-3 nM) was preincubated for 0-80 min with 0-1 mM iodoacetamide at pH
5.5-10 in 50 mM MES, 50 mM TAPSO, 100 mM DEA, and 10% DMSO. Because DTT
reacts with iodoacetamide and potentially with DEPC, it was omitted from the preincubation
and assay mixtures. Likewise, 1-3 nM WT cruzain was preincubated for 0-5 min with
0-100 M DEPC (dissolved in either 100% DMSO or ice-cold ethanol) at pH 5.5-10 in

50 mM MES, 50 mM TAPSO, 100 mM DEA, and 10% DMSO. Aliquots (5 L) of both
types of preincubation mixtures were diluted into 250 4L assay mixtures containing Overlap
Buffers (pH 7.5) and 10 ¢M Z-FR-AMC [10% (v/v) DMSOY], and residual cruzain activity
was measured.

Pre-Steady-State Kinetics.

Pre-steady-state kinetics for cruzain-catalyzed reactions of 0.5-10 /M Z-FR-AMC and 1.6—
60 1M Z-RR-AMC were conducted at 25 °C and pH(D) 7.5. Time courses (0.002-0.2 s)
of AMC production were measured using a Kintek AutoSF-120 stopped-flow fluorimeter
(Kintek, Snow Shoe, PA), where fluorescence readings of AMC (excitation at 348 nm

and emission at 438 nm with a 400 nm cutoff filter) were collected and analyzed by
Kintek software. Reaction mixtures contained 50 mM MES, 50 mM TAPSO, 100 mM
DEA, 1 mM CHAPS, and 1 mM Nay,EDTA and were prepared in either H,O or D,0.
Solutions of WT cruzain (0.5 ¢M) and the substrate were loaded into separated syringes
that each contained buffer, 10% DMSO, and 5 mM DTT. Fluorescence time courses were
comprised of 1000 time points for each fixed substrate concentration, and time courses

of AMC formation (millivolts) were converted to nanomolar concentrations of product
formed following calibration of the system with known concentrations of AMC. Calibration
of the stopped-flow fluorimeter was ascertained by measurement of the concentration of
free AMC found in each solution of substrate, and two kinetic traces were generated:

one background trace measuring the signal of the contaminating free AMC present in the
substrate and one reaction trace monitoring the newly generated AMC from the cleavage
of the peptide substrate by cruzain. After the background had been subtracted, the voltage
signals were converted into concentration according to a calibration curve generated from
solutions containing known concentrations of AMC. Separate experiments were conducted
to determine the binding constant (K;,) for both substrates in H,0 and D,O using a larger
range of substrate concentrations (0-80 ¢/M).

Data Analysis.

Values of k., and K., for cruzain-catalyzed reactions of the fluorogenic peptide substrates
were determined by nonlinear least-squares fits of the initial velocity data to eq 1 using
GraphPad Prism 6.0 or SigmaPlot 12.0 (Systat, Inc.). For eq 1, k., is the turnover number, E,
is the concentration of active sites of cruzain, and K, is the Michaelis constant for substrate
A.

v kaA]
E T K+[A] ®
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In enzyme inactivation studies using affinity agents, residual cruzain activity (v/v,) plotted
against time (eq 2) was used to obtain pseudo-first-order rate constants of inactivation

(ks ) @t each inactivator concentration (). The second-order rate constants, ki.../K,, for
inactivation of cruzain by iodoacetamide were determined from the slopes of the replots of
the pseudo-first-order rate constants versus iodoacetamide concentration, as fitted to eq 3a.
Similarly, for DEPC, values of k,, versus time were fitted to eq 3b, and for both equations,
k.o @and K, are the maximal rate of inactivation and the concentration of inactivator at which
the rate of inactivation is half that of k.., respectively.

ln(%) = — kyt @

kinacl
o= (el

_ kinacl [I]
ko = K+N] (3b)
Data for all pH profiles were fitted as semilogarithmic plots to eq 4

_ c

Y s 1oPK =P | PH—pK:) )

where y is the observed kinetic parameter k../K,, O k.., c is the pH-independent value of y,
and pkK, and pK, are the apparent acid and base dissociation constants, respectively. For plots
of k../K,, versus pH(D) in which a “hollow” was observed, rather than apparent slopes of 1
and -1 characteristic of “bell-shaped” curves (eq 4), data were fitted to eq 5

ko (1 + 10K =)
10®K, —pH)
B

K (1+ 1005 ‘PH))(l + ©

where c is the pH-independent value of k... /K., K, = aK,, where « is a collection of rate
constants, K, is the apparent acid dissociation constant, and g is a collection of rate constants
that comprise the “stickiness ratio” for the substrate.3°

The solvent kinetic isotope effects (SKIEs, E.) were calculated using eq 6

&
E.= CDF ©6)

where ¢; and ¢, are pH(D)-independent values of k../K, or k. and F; is the fraction of D,0
used in the studies. Error propagation on calculated values of the sKIEs was determined
from the ratios of the experimental values in H,O and D,0, by the use of eq 7
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error propagation = 5CH(%) + 50}3(%) + 50!-}( g{ ) (7)
H D fi

where écy, 5c, and e, are experimental standard deviations of ¢, ¢, and ¢, respectively, and
0f/dcy, df/dcp, and o f1 dc, are the respective partial derivatives of eq 6.

Pre-steady-state data were fitted to a single-exponential function (eq 8) for each fixed
concentration of Z-FR-AMC and Z-RR-AMC. In eq 8, P is product AMC formed (bound
or free, micromolar), v, is the apparent steady-state rate, ¢ is the time in seconds, g is

the apparent burst amplitude, A is the apparent rate of the exponential phase, and C is a
constant of calibration.24 Steady-state rates, burst amplitudes, and transient rate constants
were replotted at each concentration of substrate ([A]) using egs 1,9, and 10, respectively,
for which g is the burst amplitude (micromolar), 4 is the transient rate constant (inverse
seconds), k., is the steady-state turnover number (inverse seconds), k.. and k,,. are the
apparent rate constants of the acylation and deacylation half-reactions, respectively (inverse
seconds), E, is the cruzain concentration (micro-molar), and K, and K, are the Michaelis and
dissociation constants of the substrate, respectively.

P=vi+pl-e¥)+C ®

p

et = g

(kac + kdac)[A] + kdac ia

K.+ [A] (10)
kcaLE [A] cat A] ]
P= I+
K. +[A ko (K, +
(kq[c +]kdac) A] d+ k(lac la ) (11)
P—e[ K +1A]

Additionally, pre-steady-state data conforming to a singleexponential function were fitted
globally to eq 11, in which more than 10000 data points representing pre-steady-state time
courses for all fixed concentrations of Z-FR-AMC or Z-RR-AMC were simultaneously
fitted. In all cases, the most appropriate fit for each equation was determined by an F-test
analysis of the results of nonlinear regression.

Nomenclature.
Isotope effects are expressed using the notation of Cook, Cleland, and Northrop.31:32
Solvent kinetic and equilibrium isotope effects measured on k., k../K, and other kinetic
parameters are notated as leading superscripts, designated as “D” for the sake of simplicity,
with the variable substrate as the right subscript.
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RESULTS AND DISCUSSION

Steady-State Kinetics and Substrate Specificity.

Initial velocity data for the three fluorogenic dipeptide substrates are summarized in Table

1. The value of k., is largest for Z-FR-AMC (17 s™1), which is more than twice than that of
Z-RR-AMC, suggesting a better accommodation for a Phe residue at the P233 position than
for Arg. The possibility that cruzain may accommodate both Phe and Arg at the P, position
of dipeptide substrates has been attributed to the role of Gluypg found in the S, binding
subsite (Figure 1). It was shown from structural studies that Gluygg points toward a P, Arg
residue on the substrate but away from Phe in the P, position of the substrate, as depicted in
Figure 1, for which the irreversible inactivator K11777 (A-methyl-piperazine-Phe-homoPhe-
vinylsulfone-phenyl) contains a phenylalanine as its P, residue.!! The k., of Z-RA-AMC
(0.89 s71) is nearly 20-fold lower than that of Z-FR-AMC, indicating that a larger residue at
the P, position is preferred for catalysis, while a hydrophobic residue at P, is more favorable
than a charged one. Values of k., /K, for the three substrates range from 104 to 107 M~1

s71, wherein k., /K., for Z-FR-AMC is 3 orders of magnitude larger than the lowest value of
k../K, for Z-RA-AMC. On the basis of the rank order of k../K,, values for the three different
substrates, cruzain clearly prefers substrates with a large, charged residue at the P4 position
and a hydrophobic residue in the P, position, consistent with findings from a comprehensive
analysis of peptide substrate specificity.14

Mutagenesis of Gluygg.

We prepared the E208A mutant of cruzain to investigate the role of this residue in
recognition of the P, substituent of substrates. For Z-FR-AMC, k., for WT and E208A
cruzain is equivalent, K, is increased 2.5-fold, and &../K.,, is halved for the mutant enzyme
(Table 1). Accordingly, while the E208A mutant “recognizes” Z-FR-AMC less effectively
than wild-type cruzain does, turnover of the substrate is comparable, suggesting that once
bound, mutant cruzain processes Z-FR-AMC at rates similar to that of the wild-type
enzyme. However, mutation of Gluygg exhibited profound effects on all three kinetic
parameters of substrates bearing an Arg residue at the P, position. Diminutions by 300- and
200-fold in the k./K,, values of Z-RR-AMC and Z-RA-AMC, respectively, were observed
for the E208A mutant cruzain compared to that of the wild type, suggesting that ion pairing
between Gluygg and P, Arg is essential for recognition of these substrates. This is also
reflected in values of K., which are increased for Z-RR-AMC (10-fold) and Z-RA-AMC
(4-fold). Values of k., for mutant cruzain, unlike Z-FR-AMC, are greatly diminished for
the substrates containing Arg at P,: Z-RR-AMC (26-fold lower) and Z-RA-AMC (50-fold
lower).

pH-rate Profiles.

The pH-rate profiles for Z-FR-AMC, Z-RR-AMC, and Z-RA-AMC with wild-type cruzain
over a pH range of 3.5-10.0 are shown in Figure 2 (blue plots) with results summarized in
Table 2. For this pH range, there are no prototropic groups on any of the substrates studied.
The plot of k., versus pH (3.5-10.0) for Z-FR-AMC was apparently invariant with pH,
while those of Z-RR-AMC and Z-RA-AMC decreased with apparent slopes of +1 and -1
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at low and high pH, respectively. When fitting to eq 4 was performed, k., decreased upon
protonation of an enzymatic residue with pk, values of 5.5 and 6.1, for Z-RR-AMC and
Z-RA-AMC, respectively, and upon deprotonation of an enzymatic residue with a pk, of =
10. For Z-FR-AMC, the plot of ../K, versus pH was characterized by a “hollow” as pH
decreased, with an apparent slope of less than +1. This plot indicates that Z-FR-AMC is a
“sticky” substrate;30 that is, the substrate desorbs from its Michaelis complex at a rate equal
to or less than that of its progression through catalysis.

This result is unsurprising given that the value of ../K,, for Z-FR-AMC is near the limit

of diffusion control (2.4 x 10’ M~1s71), and the pH independence of the values of ...

For sticky substrates, apparent values of pK are perturbed in plots of x../K,, versus pH,
resulting in “hollows” in the plots, and do not reflect the true acid or base dissociation
constants of the enzymatic residues involved in binding and catalysis.39 However, fitting

of these data to eq 5 uncovered a pK, value of 6.2 associated with an enzymatic group

that must be unprotonated for substrate binding. In contrast, the plots of k../K,, versus pH
for Z-RR-AMC and Z-RA-AMC exhibited apparent slopes of +1 and -1 at low and high
pH, respectively. Fitting of plots of k../K., versus pH to eq 4 resulted in pK, values of 6.6
and 6.2 for Z-RR-AMC and Z-RA-AMC, respectively. The basic dissociation constant, pK;,
while poorly determined at these extreme values of pH, equaled ~10 for both substrates. The
current pH profiles are similar to those previously reported for cruzain in which pH-rate
profiles were also substrate-dependent.34

Scheme 2 describes a model for the pH-rate profiles for wild-type cruzain. HE is the
monoprotonated form of cruzain to which all three substrates bind (k,) to form the competent
Michaelis complex HEA, which proceeds (k,.) to form the thioester form of cruzain (F),
followed by deacylation (k,,.) to regenerate the free enzyme. Plots of ../ K., versus pH
report on the rate of the acylation half-reaction, measure the enzymatic rate at substrate
concentrations approaching zero, and describe the protonation state of free enzyme HE.
Here, protonation of an enzymatic group with a pK, of ~6 or deprotonation of the
enzymatic group with a pK, of ~10 produces HEH™ or E~, respectively, each of which is
incapable of catalysis. However, a sticky substrate (A) may also bind to HEH™ (k,), and with
loss of a proton (k) from the group of pK,, the resulting HEA complex is catalytically
competent.30:35 |n addition, for a sticky substrate, the proton of the HEA complex may

not be subject to removal at high pH such that k., is apparently independent of pH. The
“hollow” observed for the plot of k... /K, mxauc VErsus pH arises from protonation of the
HEA complex (k), and the flattening of the curve is due to perturbation of the value

of pK, Where K, = (k,/ky)(1 + ks/ks) K,. 30:3° Fitting of the plot of k. /K m.auc Versus pH
using eq 5 provided an estimate of the stickiness of the substrate from the parameter
=1+ k,/k, =70 + 50, indicating that Z-FR-AMC proceeds to form acylated cruzain ~70
times faster than it desorbs from the HEA complex.

For cruzain, the essential basic group with a pk; of 6.2-6.6 could be the active-site histidine,
or given the salience of an enzymatic group of pK, in the pH-rate profiles of substrates
bearing an Arg at the P, position, this could reflect a carboxylate group such as that of
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Gluygg. We therefore investigated the pH dependence of the E208A mutant of cruzain for
Z-FR-AMC, Z-RR-AMC, and Z-RA-AMC (Figures S1-S5). The semilogarithmic profile of
kew ! Kzim.amc VErsus pH for E208A cruzain was similar to that of the wild type except that the
curve exhibited less of a “hollow” than WT cruzain did, suggesting that Z-FR-AMC is a less
sticky substrate with the mutant enzyme (Figure S1). For Z-RR-AMC and Z-RA-AMC, the
pH-rate profiles indicated that a residue with a pK of ~5.3 and ~6.1, respectively, must be
unprotonated for catalysis, and that the pH-independent values of k., and k../ K., are almost
20-fold lower than that of wild-type cruzain (Figures S2 and S3). These results rule out
Gluygg as the residue corresponding to pK..

Solvent Kinetic Isotope Effects under Steady-State Conditions.

Solvent kinetic isotope effects from the kinetic parameters k., and k../K,, were acquired
from pD-rate profiles generated under conditions identical to those described above using
Overlap Buffers prepared in D,O. Plots of k., and k.../K,, versus pD (Figure 2, red points)
were identical in form to their counterparts in water, and each plot had been apparently
right-shifted by approximately 0.5-0.8 unit for pK,, due to the solvent equilibrium isotope
effect?® on enzymatic residues (Table 2). A 4pK value of 0.5 is typical for all enzymatic
residues except cysteine.2%36 The pk, values in both the .. and k../K profiles were poorly
determined because of the lack of data beyond pD = 10. As in H,0 for Z-FR-AMC, k., was
pD-independent, while k., /K, versus pD was best fitted to eq 5 because of the presence of a
“hollow” in the profile. In D,O, the stickiness ratio was half that obtained in H,0, indicating
that a solvent isotope effect on k., /K., slowed catalysis with respect to substrate desorption.
Solvent kinetic isotope effects were ascertained from the pH(D)-independent values of k.,
and k.. /K.,.. Normal sKIEs were found for k., with the following values: D:Ok., = 1.88 +0.06
for Z-FR-AMC, DOk, = 1.76 + 0.06 for Z-RR-AMC, and DOk, = 1.73 + 0.07 for Z-RA-
AMC. The sKIEs for k., /K, were normal and only slightly greater than unity (1.1-1.4) for
all three substrates (Table 2). These results differ from the sKIEs observed on cathepsin
C24 and papain,29-22 poth of which exhibited D,Ok,, > 2 and D:O(k../K.,) < 1.0 (discussed
below). The kinetic parameters k., and k. /K., were unchanged in the presence of either 0-
25% (wi/v) sucrose or 0-12% (w/v) glycerol, indicating that the experimental normal sKIEs
were not a result of the increased viscosity of D,0, which is comparable to the viscosity of
an agueous solution of 9% (w/v) glycerol.37

Temperature Dependence of pK,.

The temperature dependence of acid dissociation constants provides an additional method
for identification of an enzymatic group due to its distinctive values of enthalpy of
ionization. Because the dissociation constant for the enzyme side chain with a pk, of 6 could
be observed in the plot of k.,./Kzzrauc Versus pH at 25 °C, we investigated the temperature
dependence of pk, from plots of log(k.../ Kzze.amc ) VErsus pH obtained at 25-40 °C. The
resulting average values (n = 2) of pK, decreased from 6.2 £ 0.1 at 25 °C t0 5.9 £ 0.1 at

40 °C (corrections for the temperature dependence of pH for the buffer used were applied

at each temperature). The plot of pK, versus 1/T was linear (Figure 3). The temperature
dependence of acid dissociation constant pk, was fitted to eq 12
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AHion ASion
S 12
where T is the temperature in Kelvin, R is the universal gas constant, and 4H,,, and 45, are

the values of enthalpy and entropy of ionization, respectively.

The fitting of the temperature-dependent pK, data resulted in values of 8.4 + 0.2kcal/mol and
10~ calmol™ 'K~ ! for 4H,, and 4s,, respectively. This value of AH,,, is consistent with
either a cysteine or histidine active-site residue, but not a carboxylic acid. From the plots

of log k., versus pH for Z-RR-AMC, we in kind examined the temperature dependence of
pK; (5.3-5.5). The resulting average values (n = 2) of pK, decreased from 5.34 £ 0.06 at

25 °C 10 4.92 = 0.06 at 40 °C, and again, fitting of pK, versus 1/T (Kelvin) was linear
(Figure 3). Fitting to eq 12 resulted in AH,,, and 4S,,, values of 7.1 + 0.06kcal/mol and

10~ Pcalmol 'K, respectively. The residue involved in the .. profile is also likely to be a
basic histidine.

Affinity Labeling with lodoacetamide and Diethyl Pyrocarbonate.

We employed affinity labeling studies of cruzain using the thiol-specific reagent,
iodoacetamide. Preincubation of iodoacetamide (0—1 mM) with cruzain, followed by its
dilution and analysis of residual enzymatic activity, resulted in irreversible, time-dependent
inactivation. The observed first-order rate constants of inactivation, k., obtained from fitting
of residual enzyme activity versus time (eq 2) demonstrated higher rates of inactivation with
increasing concentrations of iodoacetamide (Figure 4A). The inclusion of increasing, fixed
concentrations of Z-FR-AMC in the reaction mixtures ablated the inactivation, indicating
that iodoacetamide reacted with catalytic Cysys (data not shown). A replot of the first-order
rate constant of inactivation, k.., versus iodoacetamide concentration demonstrated that
inactivation of cruzain by iodoacetamide was not saturable (Figure 4A), which is typical

for affinity labeling agents. The second-order rate constant for inactivation, k,../K;, was
obtained from the slopes of replots of k.., versus iodoacetamide concentration by fitting to eq

3a (Figure 4A, inset). At pH 8.0, k. /K; = 6.9 + 0.2M ™ Is=1.

We determined the pH dependence (Ph 5.5-10.0) of cruzain inactivation by iodoacetamide
(Figure 4B). The resulting plot of k.../K; versus pH exhibited a “wave” in which the level of
enzyme inactivation increased from an invariant value at neutral pH to a higher value of 180
+20 M1 s71 at pH 10. The pH dependence of the second-order rate constant of inactivation
of cruzain (k...../K;) by iodoacetamide can be fitted to eq 13

ko Ju+ K 10CPHPR)

N (13)
K; 1+ 10(PH—PKa)

where k_and k; are values of k,.../K; at low and high pH, respectively, and pK, is the acid
dissociation constant for an enzymatic group. Fitting of the data indicated that deprotonation
of an enzymatic group with a pkK, of 9.76 £ 0.04, likely to be the thiol of active-site Cysys,
resulted in the increased rate of inactivation at high pH.
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Cruzain can also be inactivated by the histidine-specific affinity agent, diethyl pyrocarbonate
(DEPC),38 in a time-dependent manner. At pH 7.2, preincubation of 1 nM cruzain with 1.6—
104 pM DEPC for 40-340 s led to an apparent biphasic inactivation of cruzain (Figure

5A). The initial phase (¢ < 40s) occurred too rapidly to be measured; at the shortest
preincubation time of 40 s, 11-50% of cruzain was already inactivated by respective

DEPC concentrations of 6.5-104 ¢M. The slower second phase of inactivation was

observed at 40-340 s. Replotting the &, (from fitting to eq 2) versus [DEPC] resulted

in a hyperbolic plot (Figure 5B), from which fitting of these data to eq 3b provided the
following values: k.. = 0.23 + 0.02min~!, K, =7+ 1 uM, and ky./ K, = 550M~ ! s=1. Cruzain
is therefore exceptionally sensitive to inactivation by DEPC, especially considering the
unmeasurable, rapid phase of inactivation (for comparison, k,../K; = 0.75M~'s=! for
phosphotriesterase39). The biphasic kinetics of DEPC inactivation suggested that either more
than a single histidine had been carboethoxylated or a single histidine had been labeled

on both of its nitrogens. No pH dependence of the second phase of DEPC inactivation

was observed (pH 5-8) Increasing concentrations of Z-FR-AMC in preincubation mixtures
containing cruzain and DEPC led to protection from inactivated by DEPC, which indicated
that inactivation occurs via covalent modification of the active site of cruzain.

Protonation States of the Catalytic Cysteine and Histidine Groups.

Cysteine proteases/hydrolases universally possess a conserved catalytic Cys-His dyad, for
which the catalytic cysteine serves as a nucleophile to effect acyl transfer, while the histidine
facilitates the deprotonation of the thiol of the cysteine and the lytic water and provides a
proton for the amine product. The active, monoprotonated forms of cysteine proteases that
exist at the maxima of bell-shaped pH-rate profiles (HE in Scheme 2) could result from

two tautomeric species of the catalytic dyad: a neutral thiol-imidazole (Cys-SH/His) or an
ionic thiolate-imidazolium species (Cys-S~/HisH*). Bednar has measured the thiolate:thiol
nucleophilicity ratio to be 1010:1.40 Polgar showed via pH-rate profiles of the inactivation
of papain by haloacetamide that the pK values of the active-site cysteine (4.0) and histidine
(8.4) comprised a case of “reverse protonation”,20 consistent with the sKIE studies of
Creighton et al.21:22 Solvent kinetic isotope effects on k../K,, in these studies were inverse,
supporting an enrichment of the thiolate species in D,O arising from a fractionation factor
for thiol of 0.45.2436 |_ewis et al. demonstrated via nuclear magnetic resonance studies

of papain that the imidazoliumthiolate form was the predominant species in the unbound
enzyme.23 In kind, detailed sKIE studies of human cathepsin C were consistent with that of
papain; that is, the thiolateimidazolium species of the free enzyme predominates in catalysis:
Dy0(key / Ky) = 0.71, DOk, = 2.76, pK,cys— sy = 4.3, @aNd pKyuiy) = 6.5.

In contrast, the pH-rate profiles of k. /K., for all three cruzain substrates were characterized
by essential unprotonated and protonated catalytic groups with pK, = 6.2 — 6.6 and pK, = 9.8,
respectively, consistent with neutral forms of the His and Cys species at the pH optimum of
cruzain. Other studies described herein confirm the assignment of these pKs. (a) Mutagenic
replacement of Gluygg does not eliminate cruzain activity or the pK, observed in the
pH-rate profile of Z-RR-AMC. (b) Values of 4H,, obtained from temperature variation
studies for a pK, of 6.2 are in agreement with that of a histidine group. (c) The pH
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dependence of inactivation of cruzain by the thiol-specific agent iodoacetamide increased
upon deprotonation of a residue with a pK, of 9.76 £ 0.04. (d) An absence of an inverse sKIE
on k. /K, indicates that Cysys is protonated in the free enzyme. (e) For Z-RR-AMC and
Z-RA-AMC, the 4pk, of 0.5-0.8 is consistent with a histidine group, but not a cysteine,3:36
Also, from the temperature dependence of a pK, of 5.3 from logk.,, vs pH, the obtained value
of 4H,, was also consistent with the involvement of a basic histidine despite the low value of
its pK. This pK, value of 5.3, for which cruzain is saturated with substrate, is identical to the
pK value of 5.2-5.3 for His1g, obtained from nuclear magnetic resonance analysis of cruzain
covalently complexed to dipeptide analogue K11777.26

The finding of a neutral Cys-His catalytic dyad for free cruzain has several implications.

In free cruzain, it is likely that the respective sulfur and nitrogen atoms of Cysys and

Hisyg are not sufficiently proximal to allow the formation of the thiolateimidazolium

dyad seen in papain and cathepsin C. In addition, the neutral Cys-His dyad of cruzain
would be a far poorer catalyst for hydrolysis than the thiolate-imidazolium dyad, and
removal of the proton from Cys,, would be required upon substrate binding. As stated
above, USP1 hydrolase also possesses a neutral Cys-His dyad for which proton transfer
apparently occurs upon binding of the large ubiquitinated protein substrate.2® In the cases
of the cysteine hydrolases dimethylarginine dimethylaminohydrolase (DDAH)*! and protein
arginine deiminases 2 (PAD2),%2 it was similarly proposed that the binding of the positively
charged substrates facilitates catalysis by depressing the pkK, of the catalytic cysteine to
facilitate its deprotonation. Close examination of the crystal structure of PAD2 revealed that
Cysgas and His,7q are further separated than the catalytic dyad is in PAD4, a closely related
isozyme found to have the thiolate form of the activesite cysteine irrespective of substrate
binding. Cruzain may be a member of an apparent subclass of cysteine hydrolases that,
possibly because of active-site geometry, has a neutral Cys-His dyad in their ligand-free
forms that requires substrate binding to assist proton transfer from His to Cys, as suggested
for USP1.%

Pre-Steady-State Kinetics and Solvent Isotope Effects.

Pre-steady-state kinetics for the cruzain-catalyzed hydrolysis of Z-FR-AMC and Z-RR-
AMC in both H,0 and D,0O were generated at pH(D) 7.5 in a stopped-low fluorimeter by
measurement of product AMC. While solvent kinetic isotope effects should be determined
over a range of pH(D) values to eliminate the possibility that observed sKIEs are due to the
equilibrium isotope effects that perturb pK values of active-site residues, the lack of pH(D)
dependence of either substrate between pH(D) 7.0 and 8.0 allows us to assess the sKIEs

at pH(D) 7.5. For each substrate concentration in either solvent, all time courses exhibited
an initial, rapid burst of AMC, followed by a linear, steady-state rate of AMC product
formation (Figure 6, Figure S4, and Table 3). Burst amplitudes increased with increasing
fixed concentrations of substrates to apparent saturation. In contrast, no transient burst was
observed for Z-RA-AMC. These results are very similar to those of cathepsin C, in which
dipeptide-AMC substrates with high k., /K, values are characterized by a burst phase in
which the transient;steady-state rate ratio was ~ 20:1, while poor substrates displayed no
transient bursts.2443 In these previous studies, the rate constant of the transient phase (1)
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could be attributed to the acylation half-reaction (k,.) that encompasses the catalytic steps
described by k.../ K., while the steady-state rate constant (k.,,) was equivalent to the rate
constant of the deacylation half-reaction (k.,.). Likewise, for Z-FR-AMC and Z-RR-AMC,
the observed transient rates demonstrated that the rate of transfer of an acyl group to cruzain
exceeded the steadystate rate of deacylation, while for the poor substrate Z-RA-AMC, k,.
and k,,. are comparable, for which no pre-steady-state burst would be observed. For the
pre-steady-state kinetics of Z-FR-AMC (Figure 6) and Z-RR-AMC (Figure S4) performed in
D,0, transient bursts were also observed, albeit with slower transient and steady-state rates
(data for the substrate Z-RR-AMC are found in the Supporting Information).

For both substrates, the time courses obtained at each fixed concentration of substrate in
either solvent were best fitted to a single-exponential function at all concentrations (eq 8),
and values for the resulting steady-state rate constant (v,,), burst amplitude (), and transient
rate constant (1) were replotted separately versus substrate concentration and fitted to eqs
1,9, or 10 (Figure 7 and Figure S5). For both solvents, we determined the transient rate
constant 4 over a larger range of fixed concentrations of both substrates (<80 M) to observe
saturation (Figure 7C). The steady-state rate is diminished in D,0, but more so at higher
concentrations of Z-FR-AMC in agreement with kinetics obtained in the steady state (Figure
7A; DOk, = 2.3 from fitting to eq 1), as expected, because the steady-state sKIE is larger on
k.. than on k., /K, Interestingly, the apparent effect of D,0 on the burst amplitude is to make
it larger than that observed in H,0, which is due to the large differences in fitted values of
K.. Replotting of the transient rate constant (1) versus [Z-FR-AMC] provided the following
values upon fitting to eq 10: .. = 233s~! and D:Ok,. = 1.4. The latter value is identical to that
which is obtained for the substrate Ser-Tyr-AMC with human cathepsin C.24

Kinetic parameters for Z-FR-AMC and Z-RR-AMC, including SKIES on k., k.., and kg,
as obtained from global fitting using eq 11 of pre-steady-state data are listed in Table

3. This full set of kinetic parameters was well-determined, as opposed to those obtained
from replots as depicted in Figure 7. For Z-FR-AMC, the rate constant of cruzain
acylation (k,. = 239 + 65~ 1) was 8-fold higher than the turnover number (k., = 30 +0.1s~1)
and the equivalent rate constant of deacylation (k.. = 35 + 1s~1). For Z-RR-AMC, these
rate constants were lower: k, = 64.5 + 0.2s~1, which was 4-fold higher than the turnover
number (k. = 15.2+0.1s~!) and its similar rate constant of deacylation (k.. = 19.9 +0.1s7!).
The normal sKIEs for k., for the two substrates [D.Ok,,, = 2.07 +0.02 (Z-FR-AMC), and
D,Ok,, = 1.61 + 0.02 (Z-RR-AMC)] are comparable to the pL-independent values obtained
in the steady-state studies. For both substrates, normal sKIEs were obtained for the

rate constants of acylation and deacylation: D,Ok,. = 1.34 + 0.04 and D:Ok,,. = 2.2 +0.2
(Z-FR-AMC), and D,Ok,, = 1.40 + 0.01 and D,Ok,,. = 1.67 + 0.02 (Z-RR-AMC). The fact
that DOk, ~D,Ok,,. for both substrates provides further evidence that the rate constants

of enzyme deacylation determine the turnover numbers. We attribute the differences in
measured values of k., and K,, under steady-state and presteady-state conditions to the
increased concentration of DMSO in the latter experiments, as borne out by additional
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studies in the steady state where these parameters were obtained in both 2% (v/v) and 10%
(v/v) DMSO (data not shown).

Catalytic Mechanism of Cruzain.

Similar to the mechanism of human cathepsin C, the acylation half-reaction of cruzain is
significantly faster than deacylation for those substrates with the highest values of k., /K,,.*3
Where the two enzymes differ is that for cruzain, all solvent kinetic isotope effects are
normal, indicating no enrichment of the Cys-S™:His-H* tautomer of the ligand-free enzyme
species in D,0, so the Cys-His catalytic dyad is neutral at the initiation of catalysis.
Accordingly, we may consider two catalytic mechanisms for cruzain for which Cys,s5-SH
and Hisg, are both neutral in free enzyme E (Figure 8). Binding of substrate to form

EA facilitates proton transfer from Cys, to His,s,, at which point the two mechanisms
diverge. In mechanism 1 (Figure 8, green box), conformational isomerization of complex
EA to EA’ positions Cys,s, His,,, and the substrate for a concerted reaction of general base-
catalyzed proton transfer and attack of the incipient thiolate of Cys,, on the scissile amide
carbonyl. In mechanism 2 (Figure 8, magenta box), thiolation of the amide carbonyl occurs
in two discrete steps. (1) General basecatalyzed proton transfer to His,,, establishes the

imidazoliumthiolate dyad (EA” ‘), and (2) the resulting thiolate attacks the amide carbonyl

to form tetrahedral intermediate EX. One expects that the equilibrium isotope effect (EIE)
for the formation of the thiolate in EA*/~ from EA would be inverse (DK.,, = 0.45 as in

the case of cathepsin C),24 which could allow discrimination of these two mechanisms.

The acylation half-reaction is then completed upon the collapse of the EX intermediate
with proton transfer from the imidazolium group to the departing AMC, which completes
the transient phase seen in pre-steady-state Kinetics. Discrimination of these two potential
mechanisms is discussed below. The slower, deacylation half-reaction (k.,~ks..) is the same
for both mechanisms: Neutral His,, in the F complex deprotonates the lytic water leading to
the second tetrahedral intermediate, FX, which then collapses to elaborate the carboxylate
product and restores Cys,, and His,, to their neutral forms.

Estimation of the Individual Kinetic Constants and Intrinsic Isotope Effects.

We sought to discriminate between the two proposed catalytic mechanisms by ascertaining
values of the individual rate constants and intrinsic isotope effects on the catalytic steps.
Expressions for the eight experimental kinetic parameters were derived in the steady state by
the method of net rate constants for both mechanisms (eqs 14-21), for which a —e, x, and y
represent commitment factors.** Equations 18a and 20a are for mechanism 1, and eqgs 18b
and 20b are for mechanism 2.

a = kilky, b= kslky,c = kelks,d = kslks, e = kil ko, x = ki3l ks, y = ki3l ks, Kz = ksl ky, Keqi = kn/kiy

kel K, = (ksK.5)/ { Ku[1 + b(1 + a) + c]} (14)
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ke = (Kackgse) (Ko + Kaso) (15)

ke = (ksKs)/ {1+ b+ c+ K[l + c+d(1 + )]} (16)

kawe = (ki3 Kegn)/[1 + x + Koquu(1 + )] 7

D:0(keu/K,) = [ Pks + b(1 + @) + Pk DK s |/[1 + b(1 + a) + ] (183)
D0(k./K,) = [PK.ps + b(Pk; + a) + cPk:DK | /[1 + b(1 + a) + c] (18b)
D,0k,, = (Dkyckic + Phickse)/ (Kue + Kase) (19)
T L
i = o el
D0k, = [Pki:DK gy + xPkyy + Kegu(Pkis + »)]/[1 + x + Kegu(1 + »)] 1)

To generate estimates of microscopic rate constants and intrinsic isotope effects (Dx, etc.)
found in the eight measured kinetic parameters (eqs 14-21) acquired for cruzain under
presteady-state and steady-state conditions (Tables 2 and 3), we utilized the dynamic
simulation capability of Kintek Explorer?® to iteratively search for and optimize values

of k, — k5 for the two mechanisms in Figure 8 until we generated simulated time courses
that superimposed with the experimental data in H,0 for both Z-RR-AMC and Z-FR-AMC.
We conducted a similar simulation for the time courses performed in D,0, and the intrinsic
kinetic isotope effects for each catalytic step (Dk, — Dk,s) were then calculated by dividing
each individual rate constant obtained in H,O by its counterpart obtained in D,0; for
example, Dk; = kyu,0/ ksp,0 The simulated time courses generated from these “candidate”
rate constants are in good agreement with the experimental time courses for both Z-FR-
AMC and Z-RR-AMC in H,0 as shown in Figure 9. By calculating the corresponding rate
constants k, — k;s in D,O by division of each rate constant by its intrinsic isotope effect
[Kupy0) = k.ar0/ Dk, We likewise obtained simulated time courses that can be superimposed
on the experimental ones obtained in D,0 (Figure 9). The rate constants k, — ks and
intrinsic kinetic isotope effects (Dk,, Dk;, Dk,, Dk,,, and Dk,;) in Table 4 comprise reasonable
values for mechanism 2. To differentiate between mechanisms 1 and 2 in Figure 8, we
reinserted the determined intrinsic values and individual rate constants into eqs 14-21 for
both mechanisms 1 and 2 and calculated values for the eight kinetic parameters (Table 4,
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calculated kinetic parameters). The calculated kinetic parameters listed in Table 4 are for
mechanism 2, where eqs 18b and 20b were used.

From this and for both substrates, the “candidate” microscopic rate constants were more

in accord with mechanism 2 than mechanism 1. Experimental and calculated values for
both substrates (mechanism 2) agreed within a variation of < 10%, except for .,/ K., for
Z-RR-AMC, indicating that otherwise these candidate values, while not necessarily unique,
are reasonable. By calculating kinetic parameters for both substrates for mechanism 1 using
the values listed in Table 4 (egs 18a and 20a; Dk, = 1.4) we obtained D:O(k.,/K,,) = 1.3

and D,Ok,. = 1.4, which exhibited poorer agreement with experimental results than with

the Kinetic parameters calculated for mechanism 2. One would expect the conformational
change in the k, step of mechanism 1 to be faster than the subsequent chemical &, step and
to exhibit no solvent KIE. For Z-FR-AMC under mechanism 2, proton transfer in the k, step
is 4 times faster than that of Z-RR-AMC (k3 = 400s~! compared to k; = 100s~!), suggesting
that the Chz-Phe-Arg dipeptide scaffold is more favorable for initiating proton transfer from
Cysys to Hisqgp than Chz-Arg-Arg is, and this difference in rate constants accounts for the
4-fold difference observed for k... The stickiness of Z-FR-AMC is reflected in the calculated
(ks/ky)(1 + ka/ k,) ratio of 9, while it is lower than the value determined from the plot of
log(k../K.,) versus pH. This indicates that upon binding of Z-FR-AMC and proton transfer
from Cysys to Hisygp, the enzyme—substrate complex EA */~ is highly committed to further
catalytic steps (ks/k, = 5), and accordingly, the subsequent attack by the resulting thiolate on
the substrate carbonyl carbon to form EX is rapid (ks = 1100s~1). Collapse of tetrahedral
intermediate EX to form the enzyme-dipeptide thioester FP is very rapid (k, = 6000s~1) with

a modest intrinsic isotope effect on te proton transfer from His,, to the departing amine
(AMC) (Dk;; = 1.2 — 1.3).

For Z-RR-AMC, the catalytic steps for k, — k, are unsurprisingly slower than those of Z-FR-
AMC, possibly because of a favorable ionic interaction of the Arg group at P, with Glu,s,
while Z-RR-AMC has a lower stickiness ratio (ks/k,)(1 + ks;/k,) of 4. As with Z-FR-AMC,
the , step (100 s™1) is the slowest in the acylation half-reaction, and the intrinsic KIE of
Dk, = 1.4 accounts for D,Ok,.. The ks — k, Steps are similar, if not identical, in rate to that of
Z-FR-AMC. From the simulation, for both substrates, calculated values for DK, of 0.6-0.7
(deprotonation of cysteine) and for DK.,,, of 1.3 (hydroxide attack on the thioester) were
obtained, where the former value (DK.,; = Dk,/Dk,) is inverse because Dk, > Dk,. These
equilibrium isotope effects compare favorably with values calculated from fractionation
factors DK.,; = 0.45 and DK,,, = 1.30:36

In the deacylation half-reaction, the determined rate constants indicated that the rates of
formation of the tetrahedral complex for both substrates in FX (k,, = 280 and 300 s_l)

are similar, followed by rate-determining collapse of this intermediate to form the
cruzain—carboxylate (EQ) complex (k,; = 55 and 135 s—l), for which the intrinsic kinetic
isotope effects of Dk, = 1.4 and 1.9 for Z-RR-AMC and Z-FR-AMC, respectively, account
for the measured values of DOk, and D:Ok,,.
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CONCLUSIONS

Similar to human cathepsin C, the most efficient substrates of cruzain undergo rapid
acylation, which precedes rate-limiting deacylation. However, cruzain differs from papain,
cathepsin C, and other cysteine proteases, in that its ligand-free form houses the less
reactive, neutral Cys-SH/His dyad, implicit in both its pH-rate profiles and sKIEs of >1.
This neutral dyad apparently undergoes proton transfer from the thiol of Cys,; only upon
substrate binding, which most likely occurs in a stepwise fashion (mechanism 2). That
general base deprotonation of Cys,; — SH by His,, elaborates the fact that the reactive thiolate
comprises unusual chemistry for cruzain catalysis. Leinhard and Jencks demonstrated more
than 50 years ago that general base deprotonation of thiols was not a feature of their
reactions with the carbonyl groups of aldehydes and ketones but rather the thiolate fraction
present was the sole reactant.*® Why then would unliganded cruzain adopt the unreactive
Cys-SH:His tautomer and rely on this general base catalytic step to unmask the catalytic
Cys-S™:HisH™ upon substrate binding? One is tempted to speculate that this is a feature

of stringent substrate specificity in that only those bound substrates that affect the proton
transfer step (k; of mechanism 2) proceed to peptidolysis.

The rate-limiting steps for these two substrates occur during deacylation of these substrates
exhibiting normal sKIEs. The less efficient substrate Z-RA-AMC is devoid of a pre-
steadystate burst, suggesting that its diminished ability to induce this proton transfer renders
k.~kq.. In terms of the future design of peptidomimetic covalent inactivators of cruzain

such as K11777, the choice of amino acid residues at the P, and P, residues may determine
whether the dipeptide “scaffold” binds in a fashion that promotes the transfer of the proton
on Cys,s- SH to His,,, to elaborate the more nucleophilic Cys,; thiolate species, which would
then progress to alkylation of the activesite catalytic cysteine by its vinyl sulfone warhead.
Our results suggest that a peptidomimetic inactivator bearing a Phe-Arg dipeptide may be
more favorable than that with an Arg-Arg or Arg-Ala dipeptide.
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ABBREVIATIONS

MMTS methylmethanethiosulfonate

DEPC diethylpyrocarbonate
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DTT dithiothreitol

DMSO dimethyl sulfoxide

AMC 7-amino-4-methylcoumarin

Z-FR-AMC carboxybenzyl-L-phenylalanine-L-arginine-7-amino-4-
methylcoumarin

Z-RR-AMC carboxybenzyl-L-arginine-L-arginine-7-amino-4-methylcoumarin

Z-RA-AMC carboxybenzyl-L-arginine-L-alanine-7-amino-4-methylcoumarin

EDTA ethylenediaminetetraacetic acid

CHAPS 3-[3-(cholamidopropyl)dimethylammonio]-1-propanesulfonate

TAPSO 3-{[1,3-dihydroxy-2-(hydroxymethyl)-propan-2-yl] amino}-2-
hydroxypropane-1-sulfonic acid

MES 2-(N-morpholino)ethanesulfonic acid

TEA triethanolamine

DEA diethanolamine

sKIE solvent kinetic isotope effect
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Gln

Figure 1.
X-ray crystal structure of cruzain complexed with the irreversible inhibitor K11777,

demonstrating the formation of a covalent bond between the active-site Cys,, and the
a-carbon of the vinyl sulfone warhead.! Protein Data Bank entry 20Z2.
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Figure 2.
Plots of pH(D) (pL) rate profiles of ., (top) and ../ K., (bottom) for cruzain-catalyzed

hydrolysis of Z-FR-AMC (circles), Z-RR-AMC (squares), and Z-RA-AMC (diamonds).
Blue and red symbols are for data obtained in H,0 and D,0, respectively. Lines drawn
through the experimental data of plots of k., vspH(D) are from fitting to eq 4, while lines
drawn through the experimental data of plots of k.../K,, vs pH(D) are from fitting to eq 4
(solid line, dashed line for Z-FR-AMC) or eq 5 (solid line for Z-FR-AMC). Error bars
represent standard deviations from two independent measurements.
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Figure 3.
Effect of temperature on the acid dissociation constant pK, from plots of log(ke. / Kzrr-amc)

(top line) and logk.,, (bottom line) vs pH. Values of pK,(n > 2) vs 1/T (Kelvin) were
fitted to eq 12, from which AH,,, values of 8.4 £ 0.2 and 7.1 + 0.1kcal/mol and a 4, of

0calmol ™1 K~! were obtained.
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(A) Representative data of the time-dependent inactivation of cruzain by iodoacetamide at

pH 8.0. Lines drawn through the experimental data were from fitting to eq 2. The inset

displays a replot of the inactivation rate (k) vs iodoacetamide concentration, and the line

drawn through the experimental data points was obtained from fitting to eq 3a. (B) pH

dependence of the second-order rate constant for cruzain inactivation by iodoacetamide (0-1
mM). The line drawn through the experimental data was obtained by fitting of the data to eq

13.
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Figure 5.
(A) Time-dependent inactivation of cruzain by 1.6-104 M DEPC at pH 7.2. The lines

drawn through the experimental data points were from fitting of the data to eq 2. (B)
Replot of k,.,vs [DEPC]. Fitting of the data to eq 3b results in the following values:

Kinsee = 0.23 + 0.02min~ 1, K, = 7 + 1uM, and ki /K; = 548M ™15~ 1,
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Pre-steady-state time courses of cruzain-catalyzed hydrolysis of Z-FR-AMC [0.5 (red), 1.0,
15,2.0,25, 3.0, 3.75, 5.0. 6.25, 7.5, and 8.75 (black) 4M] in H,0 and D,0 at 0.002-0.1
s, with the product formation shown on the same scale. The black lines drawn through the

experimental data represent fitting to eq 11.
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Figure 7.
Replots of the kinetic parameters obtained from fitting individual time courses at

each substrate concentration to egs 8-10 in H,O (blue) and D,O (red). Substrate
concentrations used to determine the transient rate constants were 1.5-79 1M,
compared to substrate concentrations used for the steady-state rate and burst

amplitudes (0.5-8.75 uM). (a) Fitting of the steady-state rate vs [Z-FR-AMC] (eq 1)
resulted in the following values: k., = 34.2 + 1.9s~1 and K, = 3.9 + 0.5uM in H,0, and

ke =14.6 £03s~land K, = 1.4 +0.1xM in D,0. (b) Fitting of the burst amplitude vs
[Z-FR-AMC] (eq 9) resulted in the following values: ., = 34s~1, K, =1.1+0.1 4M, and
ke = 36.5 + 0.8s71(H,0), and k., = 14.6s~!, K, = 0.6 + 0.06 uM, and kq,. = 14.4 + 0.2s~(D,0).
(c) Fitting of the transient rate constant vs [Z-FR-AMC] (eq 10) resulted in

the following values: k,, = 233 + 3s™ 1, k,,. = 12+ 351, and K,, = 9.8 + 0.6 uM(H,0), and
ke =167 3571 ke = 14 3571, and K, = 9.0 £ 0.7 uM(D,0).
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Figure 8.

Proposed catalytic mechanisms for cruzain each involving acylation and deacylation half-
reactions. Ligand-free cruzain contains neutral forms of Cys,(pK~9.8) and His,.,(pK~6.6) that

are not positioned for proton transfer until substrate is bound. In mechanism 1 (green box),

proton transfer from Cys,; to His,, is concerted with thiolate attac

k on the amide carbonyl

to form tetrahedral intermediate EX. This occurs in two discrete steps in mechanism 2
(magenta box) in which the thiolate of Cys,, attacks the amide. Steps in the deacylation
half-reaction are the same for both mechanisms: thio-ester form F undergoes attack by a
hydroxide ion to form a second tetrahedral intermediate FX, which collapses to form the

carboxylate product. Protons involved in primary solvent kinetic

isotope effects are colored

red. Free AMC is colored light green where it is expected to show full fluorescence.
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Figure 9.
Experimental pre-steady-state time courses of cruzaincatalyzed hydrolysis of 8.75 /M Z-FR-

AMC and 30 M Z-RR-AMC in H,0 (blue) and D,O (red) from data found in Figure 6 and
Figure S4. The white lines drawn through all curves were produced by dynamic simulation
using Kintek Explorer; here the enzyme species EX, FP, and P (P = AMC) and product
carboxylic acid were assigned as the observables (generation of a fluorescence signal). For
each experimental time course, values of rate constants k, — k,s were iteratively selected

until the simulated curve could be superimposed upon the experimental time course for
both substrates, as shown here. The rate constants from this approach led to the “candidate
values” listed in Table 4. Values of the intrinsic isotope effects in Table 4 were obtained

by dividing each individual rate constant optimized in H,O by that optimized in D,O; for
example, Dk; = kyu,0)/ ksp,0- The four simulated curves were generated with Z-RR-AMC and

Z-FR-AMC: k, =50 and 75 uM~ s 1, k, = 700 and 730s~!, k, = 70 and 400s~ !, k, = 300 and
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400s~ !, ks = 800 and 1100s™ !, k, = 6000s~1, k, = 8000s~ !, k,, = 280 and 300s~!, k,, = 430 and
700s~1, ks =27 and 60s~ 1, k;s = 15005~ !, Dk, = 1.1, Dk, = 1.4, Dk, = 1.2 and 1.4, Dk,, = 1.2
and 1.6, and Dk,; = 1.4 and 1.9.
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Scheme 1.
Potential Chemical Mechanisms for Cruzain of Attack of Thiolate on a Peptide Substrate

Involving a Thiolate-Imidazolium or Neutral Cysteine-Histidine Dyad
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Scheme 2.
Kinetic Model for pH-Rate Profiles for Cruzain
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