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ABSTRACT: Cathepsin C, or dipeptidyl peptidase I, is a lysosomal cysteine protease of the papain family
that catalyzes the sequential removal of dipeptides from the free N-termini of proteins and peptides. Using
the dipeptide substrate Ser-Tyr-AMC, cathepsin C was characterized in both steady-state and pre-steady-
state kinetic modes. The pH(D) rate profiles for both log kca/Km and log ke, conformed to bell-shaped
curves for which an inverse solvent kinetic isotope effect (SKIE) of 0.71 & 0.14 for P(k../K,) and a
normal sKIE of 2.76 + 0.03 for Pk, were obtained. Pre-steady-state kinetics exhibited a single-exponential
burst of AMC formation in which the maximal acylation rate (k, = 397 & 5 s™!) was found to be nearly
30-fold greater than the rate-limiting deacylation rate (kg,c = 13.95 4 0.013 s~!) and turnover number
(kear = 13.92 £ 0.001 s™1). Analysis of pre-steady-state burst kinetics in D,O allowed abstraction of a
normal sKIE for the acylation half-reaction that was not observed in steady-state kinetics. Since normal
sKIEs were obtained for all measurable acylation steps in the presteady state [Pk, = 1.31 4 0.04, and the
transient kinetic isotope effect at time zero (tKIE®) = 2.3 + 0.2], the Kinetic step(s) contributing to the
inverse SKIE of P(kc/K,) must occur more rapidly than the experimental time frame of the transient
kinetics. Results are consistent with a chemical mechanism in which acylation occurs via a two-step
process: the thiolate form of Cys-234, which is enriched in D,O and gives rise to the inverse value of
D(k../K,), attacks the substrate to form a tetrahedral intermediate that proceeds to form an acyl—enzyme
intermediate during a proton transfer step expressing a normal sKIE. The subsequent deacylation half-
reaction is rate-limiting, with proton transfers exhibiting normal sKIEs. Through derivation of 12 equations
describing all kinetic parameters and sKIEs for the proposed cathepsin C mechanism, integration of both
steady-state and pre-steady-state kinetics with sKIEs allowed the provision of at least one self-consistent
set of values for all 13 rate constants in this cysteine protease’s chemical mechanism. Simulation of the
resulting kinetic profile showed that at steady state ~80% of the enzyme exists in an active-site cysteine-
acylated form in the mechanistic pathway. The chemical and kinetic details deduced from this work provide
a potential roadmap to help steer drug discovery efforts for this and other disease-relevant cysteine proteases.
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Chemical Mechanism of a Cysteine Protease, Cathepsin C, As Revealed by Integration

Over the past 14 years, members of the cathepsin family
have been heavily explored as drug targets due to their
implication in a variety of disease states, including os-
teoporosis and osteoarthritis (cathepsin K, B, and L),
Alzheimer’s disease (cathepsin L, B, and S), tumor invasion
and metastasis (cathepsin B, L, H, and K), muscular
dystrophy (cathepsin L and B), and emphysema (cathepsin
S and K) (/). Of these, cathepsin K has been the most
actively pursued, on the basis, in part, of human target
validation derived from studies of patients with pycnodys-
ostosis, a rare genetic disease characterized by a reduction
in bone resorption and caused by loss of function mutations
in the cathepsin K gene (2). Intensive medicinal chemistry
efforts directed at cathepsin K have produced only two drug
candidates that have reached phase II clinical studies (3, 4).
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Cathepsin C is another member of this papain-like cysteine
protease family that only recently has been drawing an
increasing amount of interest as a therapeutic target. Mice
containing cathepsin C gene deletions show protection in
models of inflammatory diseases such as acute inflammatory
arthritis, sepsis, and abdominal aortic aneurysm (5-7). The
protection imparted on cathepsin C knockout mice in these
disease models is thought to derive from its role in activating
leukocyte and mast cell granule serine proteases (5, §).
Similar to cathepsin K, genetic mutations resulting in
deficiencies in cathepsin C activity have been identified in
humans. Loss of function mutations in cathepsin C result
in Papillon-Lefevre or Haim-Munk syndrome, each of which
is characterized by palmoplantar keratoderma and early onset
periodontitis (9, 10).

The main challenge for cathepsin-directed medicinal
chemistry efforts derives from the fact that the majority of
inhibitors that have been identified contain an electrophilic
“warhead”, such as a nitrile or ketone group, which reacts
with the active-site cysteine nucleophile. Compounds con-
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taining nitriles may also react irreversibly with other cysteines
depending on the degree of their electrophilicity (/7).
Electrophilic compounds or metabolites are believed to
mediate drug-related adverse events, and therefore, such
groups are generally undesirable in drug candidates (72).
The chemical mechanism of cysteine proteases has been
extensively characterized by means of kinetic and structural
studies (/3-27). A double-displacement mechanism involv-
ing the formation of an acyl—enzyme intermediate has been
conclusively demonstrated for papain-like cysteine proteases.
The majority of these mechanistic studies have comprised
pH—rate profiles (/4-20), covalent inactivation studies
(15, 16, 19, 20), sensitivity to inhibitors (24), and identifica-
tion of catalytic groups by mutational analysis (23). Pre-
steady-state kinetic evaluations of papain-like cysteine
proteases have been infrequently reported, but a few reports
suggest that deacylation is the rate-limiting step for some
substrates in catalysis (25, 26). In addition, inverse sKIEs!
were demonstrated for the acylation half-reaction for papain
for selected substrates (/4, 19), aldehyde inactivators (24),
and covalent modifying agents (/5, 20). The current view
from all of these studies is that cysteine proteases employ a
catalytic dyad composed of the thiolate—imidazolium species
of the conserved Cys and His residues found in their active
sites, although the protonation states of these catalytic groups
have been the subject of considerable debate (15, 24, 27).
In this study, we embarked on combining transient and
steady-state kinetics with deuterium solvent kinetic isotope
effects to develop a comprehensive chemical mechanism for
cathepsin C. We were able to provide values for the collections
of individual rate constants in the mechanistic pathway by the
simultaneous solution of the mathematical expressions for the
experimental kinetic parameters obtained under transient and
steady-state conditions. With the improved understanding of
the kinetic and chemical mechanism in this study, new
approaches to the screening for, or rational design of, potent
and specific cathepsin inhibitors that are less reactive and
perhaps devoid of an electrophilic center may be explored.

EXPERIMENTAL PROCEDURES

Materials. Deuterated water (D,0), deuterium chloride
(DCl), and sodium deutroxide (NaOD) were purchased from
Sigma-Aldrich (=99 at. % 2H). SY-AMC was purchased
from MP Biomedicals. Sodium hydroxide, hydrochloric acid,
CHAPS, DTT, and EDTA were purchased from Sigma-
Aldrich. Sodium chloride and anhydrous sodium acetate were
purchased from Mallinckrodt. MES was purchased from J. T.
Baker. Triethanolamine was purchased from Fluka Bio-
chemika. DMSO (99.97% pure, chromatography grade) was
purchased from EMD Biosciences. The mechanism-based
inactivator of cathepsin C, Ala-Hph-VS-Ph, was prepared
as described previously (28).

Cloning, Expression, and Purification of Cathepsin C. A
construct within a pCDN vector comprising human pre-pro-

! Abbreviations: AMC, 7-amino-4-methylcoumarin; CHO, Chinese
hamster ovary; SY-AMC, serine-tyrosine-4-amino-7-methylcoumarin;
MES, 2-(N-morpholino)ethanesulfonic acid; DTT, dithiothreitol; CHAPS,
3-[3-(cholamidopropyl)dimethylammonio]-1-propanesulfonate; DMSO,
dimethyl sulfoxide; EDTA, ethylenediaminetetraacetic acid; sKIE,
solvent kinetic isotope effect(s); Ala-Hph-VS-Ph, 3-(N-alanyl)amino-
5-phenyl-1-(phenylsulfonyl)-1-pentene (hydrochloride); TEV, tobacco
etch virus; tKIE, transient kinetic isotope effect.
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cathepsin C, a TEV processing sequence, and an IgG-Fc domain
at the C-terminus was cloned and expressed in a CHO cell line
with a glycosylation-deficient phenotype (29). Pre-pro-cathepsin
C was captured by affinity chromatography on immobilized
Protein A (30), and the acid eluate was dialyzed against sodium
citrate buffer (pH 4.5). Concerted activation of cathepsin C and
removal of the Fc fusion partner were carried out by proteolysis
with recombinant cathepsin L. Mature active cathepsin C was
purified from the byproducts of cathepsin L processing, by size
exclusion chromatography on Superdex 200 into sodium
phosphate, EDTA buffer (pH 6—7). Purity was determined to
be ~95% by SDS—PAGE, which under reducing conditions
separated the protein into three constituents. Three N-termini
were found by Edman N-terminal sequence analysis, DT-
PANXTYLD, ILHLPTSWDWR, and DPENPFELTN, which
correspond to the exclusion domain, heavy chain, and light
chain, respectively (47).

Steady-State Kinetics. Initial rates of the peptidolytic
reaction catalyzed by cathepsin C were typically measured
in 10.5 uL reaction mixtures in 384-well Greiner polypro-
pylene low-volume plates, containing 50 mM sodium acetate
(pH 5.6; 21 = 1 °C), 30 mM NaCl, 1 mM EDTA, 1 mM
CHAPS, 1 mM DTT (buffer A), and 0.5 uL of 0.005—1.05
mM SY-AMC, delivered by 2-fold dilutions of solutions of
100% (v/v) DMSO. Reactions were initiated by addition of
0.5 uL of SY-AMC to a 10 uL solution containing 20 pM
cathepsin C in buffer A, followed by fluorescence measure-
ment of free AMC production using an Acquest fluorimeter
(Molecular Devices), with sampling every 60 s for up to
3600 s with 360 nm excitation, 460 nm emission, and 400
nm cutoff filters.

Active-Site Titration. Concentrations of active sites in
preparations of cathepsin C were determined by measurement
of residual enzyme activity following preincubation of the
enzyme with a potent, irreversible inactivator Ala-Hph-VS-
Ph (28), by the method of Grant et al. (37). Results indicated
preparations of cathepsin C contained 0.92 active site per
monomer (data not shown).

pH—Rate Profiles and Solvent Kinetic Isotope Effects. The
pH dependence of kco/Ky, (V/K) and ke (V/IE,) for SY-AMC
was investigated by measurement of initial rates over the
pH range of 3.5—8, in increments of 0.3 pH unit, in a mixed
buffer consisting of 100 mM sodium acetate, 100 mM MES,
50 mM triethanolamine, 1 mM DTT, and 1 mM CHAPS
[buffer B, constant ionic strength 7 = 0.10 (32)]. pH values
were adjusted with small aliquots of concentrated HCI or
NaOH. To measure the sKIE over an identical range of pD
values, kc./Kn and ke for SY-AMC were determined as
described above over the pD range of 3.5—8 in buffer B
prepared in deuterium oxide, with pD values in increments
of 0.3 pD unit adjusted via addition of minimal volumes of
DCI or NaOD, yielding final reaction mixtures containing
93.54 £+ 0.05% (v/v) deuterium oxide. The content of
deuterium in these buffers was quantified by proton NMR
analysis of the water and DMSO peaks in five buffer samples.
Values of pD were determined as pD = pHpeasurea + 0.35,
according to the method of Schowen and Schowen (33).

Pre-Steady-State Burst Kinetics. Evaluation of pre-steady-
state kinetics of cathepsin C was conducted in buffer A
[pH(D) 5.6], at 21 + 1 °C in H,O or D,O, and at 40—51
nM cathepsin C with 1-30 uM SY-AMC. Time courses
(0.002—0.2 s) of AMC production were determined using
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Scheme 1: Proposed Mechanism of Cathepsin C*
K;
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“ Ki, is the dissociation constant for the substrate Ser-Tyr-AMC (A) binding to free enzyme, and k,. and k4,c are the rates of acylation and
deacylation, respectively, with saturating substrate. K,;, Ky, fi, and f> are explained in the theory section. Protons expected to contribute to primary
(red) and secondary (green) sKIEs are indicated for the germane reaction steps. AMC is colored pink to denote the generation of the fluorescence

signal measured in this work.?

an Applied Photophysics SX20 stopped-flow spectropho-
tometer, where fluorescence readings (excitation at 348 nm,
emission at 438 nm, and 400 nm cutoff filter) were collected
by computer and analyzed with Pro Data SX. For calibration
of the stopped-flow spectrophotometer, two sample syringes,
containing buffer A (syringe A) and a single concentration
of SY-AMC (syringe B), were maintained at room temper-
ature prior to being mounted on the stopped-flow apparatus.
For each concentration of SY-AMC, the concentration of
any contaminating free AMC was determined by rapid
mixing of the contents of two syringes and subsequent
measurement of the fluorescence time course. A calibration
curve was generated, from which contaminating quantities
of AMC were determined and used to correct the signal for
the enzyme time courses. For experimental samples, syringe
A contained cathepsin C (92—102 nM in buffer A in H,O
or D,0), and time courses were obtained at 1—30 uM SY-
AMC. Fluorescence time courses were comprised of 10000
time points for each fixed concentration of SY-AMC, and
time courses of AMC formation in millivolts of fluorescence
were converted to nanomolar concentrations of product
formed following calibration of the system with known levels
of AMC. All time courses were analyzed as either single-
or double-exponential functions and were determined in
triplicate for each fixed concentration of SY-AMC.

Data Analysis. Kinetic data were fitted to appropriate rate
equations using the nonlinear regression function of Sigma-
Plot 2000 version 9.1 (SPSS, Inc.).

Initial rate data were fitted to eq 1 to determine the kinetic
parameters key and ke, K.

e))

For eq 1, v is the initial rate, k., is the turnover number, E;
is the concentration of active sites of cathepsin C, and K, is
the Michaelis constant for substrate A.

Data for all pH profiles were fitted to eqs 2 and 3, in which
y is the observed kinetic parameter kc,/K, Or kea, ¢ 1S the
pH-independent value of y, H is the hydrogen ion concentra-
tion, and K;—K; are apparent acid or base dissociation
constants. The sKIEs were calculated from the pH(D)-
independent values, cy or cp of k./K, and ke, as obtained
from eq 2 or 3, by use of eq 4 to solve for E. (the isotope
effect minus 1), and via correction for the fraction of D,O
(Fi) used in the studies. Error propagation on calculated
values of the sKIE was determined from the ratios of the
experimental values in H,O and D,O, by the use of eq 5,
where dcy, Ocp, and dcr, are experimental standard deviations
of cu, cp, and Fj, respectively, and 9f/dcy, df/dcp, and 9f/dcr,
are the partial derivatives of the left-hand side of eq 4.

v =k EA/(K,+A)
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log y =log[c/(1 + H/K, + K,/H)] )
log y=log{e/[1+ H/K, + (Ky/H)(1+ K;/H)]}  (3)
(ewep = D/F=E, C

Errorprop = dcy(3f/ dcy) + cp(df/ dep) + ¢ (3f/dc;) (5)

Pre-steady-state data were fitted to eqs 6 and 7 for each
fixed concentration of SY-AMC, which describe time courses
conforming to single- and double-exponential functions (34),
respectively, for which [P] is AMC formed (bound or free,
nanomolar), kg is the apparent steady-state rate, ¢ is time
(seconds), {3 is the apparent burst amplitude, 4 is the apparent
rate of the exponential phase, and C is a constant of
calibration (34).

[P] =k E(D) + PE[1 — exp(—An] + C ©)

[P] =k E(1) + B,E[] — exp(—i,0)] +
BLE[1 —exp(—A,0)]+ C (7)

Additionally, pre-steady-state data conforming to a single-
exponential function were fitted globally to eq 8, in which
more than 200000 data points representing pre-steady-state
time courses for all fixed concentrations of SY-AMC were
simultaneously fitted, where [P] is the concentration of AMC
formed (micromolar), A is the fixed concentration of SY-
AMC (5—30uM), E,is the enzyme concentration (0.046—0.051
uM), t is time (seconds), kca, Kac, and kg, are turnover
numbers for the full reaction and the acylation and deacy-
lation half-reactions, respectively, in units of inverse seconds,
and Ky and K, are a pseudo-Michaelis constant and an
apparent dissociation constant for SY-AMC, respectively
(micromolar) (see the next section).

[P] =k, AE(1)/(K;+ A) + [k A/ kg (K, + A)PE, X
(1 — exp(— O {[(ky, + kgu)A + kg Ko 1/ (A + Ky ))) (8)

dac

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 (41, 42). Solvent
kinetic and equilibrium isotope effects measured on the
kinetic parameters ke and k../K, are notated as leading
superscripts, defined as D for simplicity, with the variable
substrate as the right subscript.

Theory Underlying the Derivation of the Steady-State and
Pre-Steady-State Kinetic and sKIE Expressions. To analyze
solvent kinetic isotope effects for cathepsin C in both steady-
state and pre-steady-state modes, we first considered the
generally accepted, double-displacement mechanism em-
ployed by cysteine proteases shown in Scheme 1, for which
K, is the dissociation constant for the substrate (A) binding
to free enzyme and k,. and kg, are the rates of acylation and
deacylation, respectively, with saturating substrate. Protons
expected to contribute to primary (red) and secondary (green)
sKIEs are indicated for the germane reaction steps.

As shown in Scheme 1, when substrate binds, attack of
the thiolate in EA on the scissile carbonyl group of Ser-
Tyr-AMC (A) leads to covalent tetrahedral intermediate EX,
which collapses to the acylated enzyme form F following
proton transfer from the imidazolium group to the departing
amine, AMC (P). In the second half-reaction, the active-site
imidazole group deprotonates the lytic H,O, which concomi-

Schneck et al.

tantly attacks the carbonyl of the acyl group in F to form
the second tetrahedral intermediate in FX. Collapse of this
intermediate with attending proton transfer from the imi-
dazolium group to the sulfur leads to the formation of
the Ser-Tyr-COOH product (Q) and free enzyme form E’.
When hydrolysis of acyl—enzyme F is significantly slower
than its formation, under pre-steady-state conditions the
time course of production of product P will constitute a
burst, which can be observed when P is a fluorescent or
chromophoric species in the EX and FP complexes, or as
free P.?

To derive the steady-state and pre-steady-state equations
describing the mechanism in Scheme 1, the protonation states
of the active-site Cys and His of cathepsin C needed to be
considered. The protonation states are depicted in Scheme
1 as tautomeric forms in the E, EA, E’, and E’A species for
which the catalytically viable species E and EA contain
thiolate and imidazolium ions in the active site, and from
which K;; = [E’]/[E] and K, = [E’A]/[EA]. The fractional
component of each of the enzyme tautomers that proceed
through an individual kinetic step is given by the equation
fi = [EV([E'] + [E]) = U(Ku + 1) or f» = [EAI([E’A] +
[EA]) = 1/(K + 1) such that, for example, the overall rate
of substrate binding to the competent enzyme form E is given
by ki(E)(A)/(1 + Ky;). The value of K,; has been shown to
be equal to <0.5 for unsubstituted papain (15, /8) but may
be highly dependent on the cysteine protease and experi-
mental conditions in question.

Steady-State Expressions. The concentrations of reactive
species E and EA equal E/(1 + K;) and E/(1 + Kp) at low
and high levels of A, respectively. The steady-state equations
may then be written using the method of net rate constants (35)
in eqs 9—12, for which the rate constants k\fi, kyf>, and kif> are
written as k/(1 + Ku), k/(1 + Kp), and k/(1 + Kp),
respectively.

v=E/({kylky(ke + k) + ksky] + kksk, } (1 +
K)/kykskshoA + [y (kg + ky) + koo 11+ Kp)/Ksksk, +
(ks + k) ke + 17k + Ty oKy Kya) + Ky ey ) koky Ky

(kyy + ky3)/ky ks + 1/k,5) (9)

keu=ksKoiE /{1 + K1 +b+0)+ Ko (1 +c+e)+
(ksK g3 /k)[1 +z(1 +y+w)+x(1+y)]} (10)

ke Ko = ksKosE/ {(1+ KK 1+ b1+ @) +¢1y (1)
where
K=k h/k fi K,=k/k Kg;=ky/ky

a=kyk, b=kyk, c=ky/k, d=ky/k
e=ks/k; x=k/ky y=kp/ks z=ky/ky
w=ky,/kyy (12)

2 Although unproven here, the formation of the tetrahedral intermedi-
ate in the EX complex could produce a fluorescent signal as the lone
pair of electrons on the scissile nitrogen atom of AMC in this complex
is now available for establishing resonance with the methylcoumarin
moiety. From this, it is possible that both the EX and FP complexes
contribute to the total fluorescent signal in the transient kinetics, as
both would have bound fluorescent species. Accordingly, it was found
that the time course simulations shown in Figures 5 and 6 overlap more
closely with the data in the first 20 ms when the fluorescence signal is
comprised of EX in addition to FP and P.
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Table 1: Initial Rate Data, pK Values, and Steady-State Solvent Kinetic Isotope Effects for Cathepsin C*

solvent kea/ Ko (UM~ s71) pK value (kea/Ky) keag (571 pK value (kcar) K, (uM) solvent kinetic isotope effect”
H,0¢ 0.35 +£0.03 N/A 24 +£0.03 N/A 69+0.2 N/A
H,O 0.40 4+ 0.035 pKi =43 £ 0.1 2.38 £0.05 pKs = 3.52 £ 0.02 6.0+ 0.2 Dkeal/Ky) = 0.71 &+ 0.14
pK> = 6.5 £ 0.1 pKs = 7.7 £ 0.1
pKs = 7.7+ 0.7
D,O 0.54 + 0.05 pKi = 4.85 £ 0.07 0.88 +0.02 pKs = 3.43 £ 0.06 1.7+03 Dear = 2.76 + 0.03
pK> = 6.9 % 0.11 pKs =79 + 0.2

“N/A, not applicable. Data obtained from fits of initial rate data to eq 1 and pH(D)—rate profile data to eqs 2 and 3. * sKIEs were calculated from
the pH(D)-independent values of kca/Ka and ke obtained from ¢ values in eqs 2 and 3, which were then fitted to eqs 4 and 5. “ Data from pH 5.6.

At saturating concentrations of substrate A, the steady-state
rates for the acylation and deacylation half-reactions are
described by eqs 13a and 13b, respectively.

Kess = ksK 3B/ [(1 T Kp)AI +b+ 0+ K 51 +c+ o)
(13a)
kie = koE/[1+2z(1+y+w)+x(1+y)]  (13b)

We next considered the effect of deuterium oxide on
the concentrations of enzyme species E, E’, EA, and E’A
in Scheme 1. As the fractionation factor for sulfthydryl
groups is less than 1 [¢s, = 0.4—0.5 (33, 36)] and since
the solvent equilibrium isotope effect on the values of K
and Ky, will be a ratio of the fractionation factors for
sulfhydryl and imidazole/imidazolium species, or PK, =
[R-SD][R-ND;"][RNHJ/([R-SH][R-NH,][RND]) = (¢ ")
[(psL)(Pnr)] = (1.08)%[(0.4)(1.12)] = 2.56 (33, 36), it follows
that the E and EA species will be enriched in D,O (15-18, 36, 37),
and this could result in an inverse isotope effect on k¢y/K,.
Accordingly, the ratio of active enzyme species E in D,O
compared to H,0, [E]u,0/[Elp,o0, is given by (1 + K./PK,)/
(1 + Kq). Itis clear from this expression that the ratio [E]u,o/
[Elp,o will vary from 1 to 0.7 as the value of Kj; varies from
0 to 1, indicating that the magnitude of any inverse solvent
isotope effect on ke,/K, will depend on the value of Kj;.

Considering from Scheme 1 that primary sKIEs are likely
present on the ks, ko, and k;; steps, the steady-state expres-
sions for solvent isotope effects for kca/Ka, kcar, and kqoc may
be found with eqs 14-16:

Pk /K) =11 +K,/°K)/(1+ K[ kst+b(1 +a) +
K 51/[1+b(1 +a)+c] (14)
Py = ([(1 + Kp/PK) ks + b+ cPK 5) + K5 (Cks +
K g5 T 1+ (ksK 3 /ko)[ ko + 2k + YKy + w) +

eqs
Xk PKiogo + Y Koo Ko )1}/ {1+ e +b)(1 +Kp) +

q9 el
K 5(1+ ¢+ e) + (ksK 3/ ko)1 +2(1 +y+w) +x(1 + )]}
(15)
Dkdac = [Dk9 + Z(Dkn + yDKeqll +w)+ x(DkuDKeqe) +
yDKeq9DKeq“)]/[l +z(14+y+w) +x(1+y)] (16)

Pre-Steady-State Kinetic Expressions. To derive expressions
for the pre-steady-state kinetics of the cathepsin C reaction, we
simplified the mechanism in Scheme 1 by assuming that the
conversion of the EA complex to EX, which is attack of the
active-site cysteine on the bound substrate, is very rapid. This
means that at high values of substrate A, the enzyme complexes
E’A, EA, and EX may be represented as a single species in
equilibrium for which fs = [EX]/([EA] + [E'A] + [EX]) =
K.3/(1 + Kp + Keg3) and Keq3 = ks/ks. The transient rate of

acylation, k., for which E; = [EA:F] = [EA] + [E’A] + [EX]
+ [FP] + [F] and which involves the k3, ks, and k7 steps, is
described by eq 17.

k,, = E/(V/ksfs+ 1/ky) = [ksky fsE/(ks fs+ kg + k)] =
ksK i E/N(L+ K + Ko 3)(1 + ke /kg) + ksK5/k;] (17)
Assuming that any contributions from secondary sKIEs to

the k3 step are negligible, the sKIE on the transient rate of
acylation is given by eq 18.

Pkoe = {[Pks + (ke/ k) K (s)(1 + KoK, + K, 5) +
ksK o3/ kr} /11 + Ky + K )1+ ko/ky) + k5K /K71 (18)

eq3 eq3

Accordingly, the following expressions (eqs 19a—19e)
describe the formation of species E, EA:F, and F in the
presteady state, for the mechanism of Scheme 1.

d(E)/dt = —k, f,A(E) + k, f(EA:F) + k., .(F) (19a)
d(EA:F)/dr =k, f,A(E) — (k, f, + k,)(EA:F) (19b)

d(F)/dt = k,(EAF) — ky,(F) (19¢)
dQ/dt = ky,(F) (19d)
E,= [E] + [EA:F] + [F] (19)

Solutions for (F); from eqs 19a—19e are found in eqs 20-24
and were obtained using the conventions of Moore and
Pearson (38) and Johnson (34).

(F),=Ay{1+ [Ly/ A= A)le M —[A,/ (A, — A)le ™} (20)
where
AO = kl flkacAE/[klflA(kac + kdac) + kdac(k2f2 + kac)]
(21)
Ao = (ki ATk fo+ ko T kg )/ 2 £ [k LA+ Ky f, +
kac + kdac)2 - 4(klflkac A+ kdac(kl flA + k2f2 + kac))] : /2/2
(22)
A = [k fik, A+ kg (k LA+ K+ k) (kAT K f,+
ke + kg0 (23)
(24)

The equation for the observed pre-steady-state burst is
ascertained by substitution of eqs 20-24 into eq 19d, and
integration, to yield eq 25.

0 = kyueAo(0) F kgaeAo{ A/ Ty = )TN —e M) =
kaacAol A1/ [ = 211 — &)
= kl flkackdacA(t)Et/[kl flA(kac + kdac) + kdac(k2f2 + kac)] +
B,(1—e My —p(1—e ™) (25)

M=k flA+kf+k,.+ky

ac
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Equation 25 describes a pre-steady-state burst with two
exponential components and is the same in form as eq 7,
where
ﬂl = kalkackdaCAEt(kl flA + k2 f2+kac+kdac)/[kl flA(kac+

kdac) + kdac(k2f2+kac)]2 (26)

ﬁZ = kl flkackdac AEt /(klflA + k2f2 + kac + kdac)3 (27)

Note that under conditions where k|fiA and kyf> > ke, €q
25 may be written as eq 28, which has the same form as eq
8 and contains the parameters given in eqs 29-33.

0 = kEM+ B = 1 —e™ (28)

kss = kcat A/(Ka +A)= kackdacA/[(kac + kdac)(Ka' +A)]
(29)
Ka' = kdac(Kial + kac/klfl)/(kac + kdac) (30)

j'] = [A(kac + kdac) + kdacKia]]/(A + Kial) (31)
ﬂ] - ﬁz = (kackdaLA)zEt/[kdac(kac + kdac)(A + Ka')]2 (32)

K, =K, (1+K,))/(1+K,) (33)

Expressions for Transient Kinetic Isotope Effects. We
employed the conventions of Palfey and Fagan (39) and
Maniscalco et al. (40) to generate expressions for the transient
kinetic isotope effect, tKIE, which may be determined at the
limit of time zero, or tKIE®. For the mechanism in Scheme
1, we expect to observe a tKIE on the ks step and an
equilibrium isotope effect on the tautomeric equilibrium for
the E and E’ species, K.

We evaluated the tKIE as ¢t — 0 (tKIE°gp) on the kinetic
steps in which the formation of FP is described by eq 34
according to the method of Palfey and Fagan (39), for which
only the concentrations of E and E’ are non-zero as 1 — 0.

tKIE g, = tlg% [d(FP)y o/dr]/[d(FP)p, o/di] =
ks(E)y o/ [(ks/*ks)(Ep o] (34)
which may be expressed as eq 35.
tKIE s, = ,IE% [d(FP)y o/dr]/[d(FP)p, o/di] =
Pks(1+ K, /"K)/(1 + K, (35)

Data Fitting and Simulations. Simultaneous solution of
the 12 equations describing all values of the kinetic
parameters, the intrinsic kinetic and equilibrium isotope
effects, the ratios of the individual rate constants, and the
ratios of the tautomeric forms of the enzyme (K;; and Ki,)
was done by using the Levenberg—Marquardt algorithm as
implemented by the NLIN procedure in SAS (version 9.1.3
on a Service Pack 2 on a XP Pro Platform; Cary, NC). The
NLIN procedure produces least-squares or weighted least-
squares estimates of parameters for a nonlinear model from
estimation of the variables. Values for all 13 rate constants
(ky—ky3) in Scheme 1 and Table 3 determined by the
simultaneous fitting were entered into the program Scientist
(MicroMath Scientist for Windows, version 2.01), using the
model described in Scheme 1. Simulations of the time
courses for the formation and disintegration of all enzyme
species shown in Scheme 1 during catalysis were then
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derived using substrate and enzyme concentrations described
in this work.

RESULTS AND DISCUSSION

Steady-State Kinetics of Cathepsin C: Initial Rate Data
and pH—Rate Profiles. Initial rate data of cathepsin C-
catalyzed hydrolysis of SY-AMC (0.024—50.0 uM) at pH
5.6 exhibited classical Michaelis—Menten behavior (data not
shown) and were fitted to eq 1, yielding the values of kc./
K., keat, and K, summarized in Table 1. The pH—rate profiles
over a pH 3.5—8.0 range are shown in Figure 1 with results
also summarized in Table 1. The plot of log k../K, versus
pH comprised a bell-shaped curve in which the value of k.,/
K, decreased at both acidic and basic pH values with
asymptotic slopes of 1 and —2, respectively. Accordingly,
these data fit better to eq 3 than eq 2 (according to F-test
results, p < 0.05). The data for log k../K, conformed to a
model in which a single residue on the enzyme must remain
unprotonated for substrate binding and catalysis, and two
other residues must be protonated, where it is assumed that
these pK values represent enzymatic groups on the free form
of the enzyme as pK values for groups on the dipeptide
substrate would be outside the experimental pH range of
these studies. The pH-—rate profile for kq/K, and the
corresponding pK values are highly similar to those observed
for human kidney cathepsin C using the substrate Gly-Phe-
4-methoxy-f3-naphthylamide [pK values of 4.2 + 0.05, 6.8
+ 0.1, and 7.7 £ 0.1 (43)] and somewhat similar to those
observed for papain using N-carbobenzoxyglycine p-nitro-
phenyl ester as a substrate [pK values of 4.5 & 0.1 and 8.8
+ 0.1 (/9)]. The similar pK values from the plot of log kc./
K, versus pH for papain have been attributed to the
imidazolium—thiolate ionic pair of the conserved active-site
His and Cys residues (/13-21). As the pK values found in
the plots of log k../K, versus pH for cathepsin C likely
describe enzymatic residues on the free enzyme form, we
tentatively assign the enzymatic groups with a pK; of 4.3
and a pK; of 6.5 to Cys-234 and His-381, respectively, while
the identity of the enzymatic group that constitutes the pK3
of 7.7 is unknown.

The plot of log k., versus pH similarly conformed to a
classic bell-shaped curve, in which log k., decreased at both
acidic and basic pH values with asymptotic slopes of 1 and
—1, respectively (Figure 1 and Table 1). For the plot of log
kear versus pH, the enzymatic group with a pKs of 7.7 could
represent His-381, which would be expected to be more basic
in the complexes from EX to FX (complexes which likely
define the k¢, expression) than in enzyme forms E and EA
in Scheme 1, since Cys-234 is not available for formation
of a hydrogen bond to His-381 in the latter complexes.
Cathepsin C contains a unique structural feature in that its
N-terminal residue, Asp-1, is part of an exclusion domain
of the protein in which its S-carboxylic side chain apparently
contributes to the recognition of N-terminal dipeptide
substrates by establishing an ion pair with the N-terminal
amino group of substrates such as SY-AMC (44). It is
therefore possible that pKs, which does not appear in the
plot of log k../K, versus pH, represents the carboxylic side
chain of Asp-1 such that protonation below pH 3.5 renders
it unable to form this complex with the N-terminal amino
group of the substrate, as reflected in the observed pH—rate
profile for kcy.
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FIGURE 1: pH—rate profiles of log k../K, (top panel) and log kg,
(bottom panel) vs pH (blue) and pD (red) for cathepsin C using
SY-AMC as a substrate. The lines drawn through the experimental
points represent the fitting to eq 2 for all plots except the plot of
log k../K, vs pH, which was fitted to eq 3. Fitting results are found
in Table 1. Experimental conditions and details may be found in
Experimental Procedures.

Steady-State Kinetics of Cathepsin C: Solvent Kinetic
Isotope Effects. sKIEs on cathepsin C with SY-AMC were
obtained from plots of log kc./K, and log ke in solutions
composed of 93.5% D0, as shown in Figure 1. As in the
case of the pH—rate profile, the plot of log k../K, versus pD
was described by a bell-shaped curve, in which apparent
slopes at acidic and basic pH were 1 and —1, respectively
(Figure 1 and Table 1). An inverse sKIE was observed on
kead Ko [Pkeal/ Ky) = 0.71 £ 0.14].2 The pK values pK; and
pK; in D,O shifted from the H,O values by +0.6 and +0.4
unit, respectively, and may result from the solvent equilib-
rium isotope effect on the catalytic residues attributed to these
pK values. Since the solvent equilibrium isotope effects on
the pK values (ApK) on sulthydryl and histidinyl groups are
typically 0.15—0.18 and 0.5—0.7, respectively (33), it is not
possible to assign either of the two pK values unambiguously
to either the His-381 or Cys-234. It is unclear why the group

3To evaluate whether the respective inverse and normal sKIEs
observed on kc./K, and k., for cathepsin C were due to the effects of
solvent viscosity imparted by 93.5% D,0O, we measured these values
in 0—12% (w/v) glycerol (. = 1.0—1.28) as described previously
(45). At glycerol concentrations equivalent to the solution viscocity of
93.5% D10, kea/K, decreased by 29% and k., increased by 17%, effects
which are opposite from those observed in D,O, thereby indicating
that the measured sKIEs did not arise from changes in solvent viscosity.
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defined by pK3 (7.7 in H;O) is not observed in the plot of
log ke.a/K, versus pD, except to suggest that the enzymatic
group responsible for this pK value remains deuteriated at
the upper value of pD used in this study, due to the expected
increase in the value of pK3 in D,O. As in H,0, a classical
bell-shaped curve was observed for the plot of log k., versus
pD (Figure 1 and Table 1), with pK values similar to those
found in H,O, and a normal sKIE on k., was observed (Pkcy
= 2.76 £ 0.04).

Interestingly, the pH/pD profiles of cathepsin C displayed
an inverse SsKIE on k../K, but a normal sKIE on k. This
result immediately suggested that the kinetic parameters kca/
K, and k., encompass distinct catalytic steps in cathepsin C
separated by an irreversible step, such as the release of AMC
product following acylation of the enzyme (Scheme 1). While
the P(k../K,) parameter contains only kinetic steps for the
acylation half-reaction and these steps could express both
an inverse sKIE and a normal sKIE, the Pk, parameter
contains kinetic steps of both half-reactions, of which the
deacylation half-reaction would be expected to express only
normal sKIEs. Inverse sKIEs have been demonstrated for
the acylation half-reaction of papain using benzyl-arginina-
mide [Pk = 0.58 (/4)] and carbobenzoxycarbonyl-phenyla-
lanyl-glycinamide [Pk = 0.63 (/4)] and in covalent inacti-
vation studies (/5-20). As described in the theory section,
the inverse SKIE on the P(k../K,) expression likely arises
from an enrichment of the E tautomer in D-O, which contains
the active thiolate—imidazolium forms of Cys-234 and His-
381. The thiolate—imidazolium tautomer of the free enzyme
form (E) of cathepsin C will be enriched in D,O by the ratio
[Eli,o/[Elp,o = (1 + Ku/PK)/(1 + Ky). From a PK, of
2.56 (33, 36) and the estimate for K;; of 0.7 from this work,
the [E]u,0/[E]lp,o ratio may be calculated to be 0.75, which
is nearly equal to the observed inverse value of 0.71 for P(kc./
K,). From this, the active tautomer of cathepsin C will be
34% more abundant in D,0O than H,O. The increased amount
of E in D,0O apparently offsets any expression of the expected
normal sKIE from the ks step on the P(k../K,) parameter (eq
14). Also, for a K;; of 0.7, one may calculate a ratio for the
thiolate—imidazolium:thiol—imidazole tautomers (E:E’) of
1.5:1 from the relationship f; = [E]/([E"] + [E]) = 0.6, which
is in accord with previous reports (/5-18).

Transient Kinetics of Cathepsin C. Pre-steady-state time
courses (2—200 ms) for the cathepsin C reaction with fixed
concentrations of SY-AMC (4—30 uM) were obtained in
both H,O and D,O (Figure 2 and Table 2). As exemplified
by the time course generated from 5 uM substrate in Figure
2, time courses for all substrate concentrations in both
solvents were described by a rapid burst of AMC formation
followed by a steady-state linear rate of product formation.
We found at substrate concentrations of <4 yM transient
kinetic data fit better to a double-exponential expression (eq
7), whereas at all higher substrate concentrations, data fit
better to a single-exponential expression (eqs 6 and 8) (F-
test, p > 0.05). These results suggested that at >4 M SY-
AMC, the second exponential term, containing the expo-
nential rate constant A, as found in eqs 7, 25, and 27,
becomes vanishingly small and no longer contributes to the
transient kinetic rates.

At all substrate concentrations, the time courses obtained
appeared to demonstrate faster transient bursts (when ¢ <
60 ms) and steady-state (f = 60 ms) rates in H,O than in
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FIGURE 2: Pre-steady-state time courses of cathepsin C (0.046—0.051
uM) in H,O (blue curves) and D,0 (red curves) [pH(D) 5.6] using
a final SY-AMC concentration of 5 M. The lines drawn through
the experimental points represent the fits to eq 6, yielding the
following values: ki = 0.51 uM/s, f = 0.023 uM, and 1 = 120 £
0.40 s~! in H,0, and kg = 0.20 uM/s, f = 0.024 uM, and A = 64
+ 0.17 s7! in D,0. Experimental conditions and details may be
found in Experimental Procedures.

D0, indicating that normal solvent isotope effects were
present on the transient kinetics. Accordingly, time courses
in both H,O and DO for each fixed substrate concentration
from 5 to 30 uM were fitted to the single-exponential
function in eq 6 (F-test, p > 0.05). The kinetic parameters
derived from these individual fits were the steady-state rate,
ks, the burst amplitude, 3, and the transient burst rate, A.
All three parameters were replotted versus the substrate
concentration (Figure 3).

The replot of the steady-state rate, ks, versus [A], as shown
in Figure 3A, was well-fitted to the hyperbolic function of
eq 29, which resulted in the following values: ke,e = 17.1 £
0.09 s7! and Ky = 2.06 £ 0.05 uM in H,0, and ke, = 6.37
+0.09 s7' and Ky = 1.4 £ 0.1 uM in D,O. This replot fit
indicated that a normal sKIE of 2.7 exists on the steady-
state rate (k), identical to that determined from the steady-
state sKIE from pH(D) plots (Pkee = 2.76 £ 0.04), while
the Ky value is slightly lower in D,O than in H,O. The replots
of the burst rate (1) vs [A] were fitted to eq 31, for which a
normal sKIE of 1.5 was observed on the burst rate: k,c =
380 £ 21 s7!in H,O, and k,. = 290 + 27 s~! in D,O (Figure
3B). The replot of the amplitude of the burst rate (3) vs [A]
(Figure 3C) revealed that the maximal burst amplitude at
high substrate concentrations corresponded to 0.045 uM
AMC product, which is nearly equal to the active-site
concentrations of cathepsin C (0.046—0.05 uM) used in these
studies.

Interestingly, the burst amplitude and its concentration
dependence at all substrate concentrations are approximately
the same in D,O and H,O, suggesting that the different
distributions of the tautomeric enzyme forms in the two
solvents are ablated by rapid turnover and re-equilibration
of the preferred tautomers E and EA as they are converted
into downstream species in the transient phase. Additionally,
the lack of a sKIE on the burst amplitude is evident from eq
32, since under the conditions of these experiments where
kac > kg, there would be no isotope-dependent terms
remaining in this expression (eq 32). In summary, while a
normal sKIE was observed on the steady-state portion of
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the time courses, no inverse sKIE was observed in the
transient data, and a normal sKIE of ~1.5 (on the burst rate)
was observed which could not be detected by the steady-
state studies. Since eq 8 relates transient product formation
observed in the time courses to several kinetic parameters
that cannot be solved by these standard replot analyses, a
global fitting procedure was carried out.

We fitted all transient rate data for all concentrations of
SY-AMC (5—30 uM), in both H,O and D,0O. For each
solvent, approximately 200000 data points were fitted to eq
8, with results listed in Table 2. The full set of kinetic
parameters K, Kac, Kdac, Ky, and Ki; were all well-determined
by the global fitting procedure, as opposed to the partial set
obtained from the standard replots method as depicted in
Figure 3. The determined k,. value of 397 £+ 5 s~! in H,O
was much larger than the nearly identical values of kg, (13.95
+ 0.01 s71) and key (13.92 4 0.001 s™'), confirming that
the deacylation half-reaction of cathepsin C comprises the
rate-limiting component of the mechanism. Also, the fitted
results are self-consistent since calculation of k., from these
derived values of k,. and kg,e, from key = kackdgac/(kae + kdac),
yields a value of 13.5 s™!, which is nearly identical to the
experimentally determined value (13.92 £ 0.001 s ). In
H,O, the pseudo-Michaelis constant (Ky = 1.75 £ 0.003
uM) was considerably smaller than the steady-state Michaelis
constant (K, = 6.9 £ 0.2 uM), which can occur when rapid
equilibrium conditions do not strictly apply (i.e., in eq 12,
when the a, b, and/or ¢ values are non-zero). In D,O, rate
constants obtained from the global fit were proportionately
lower than those obtained from H,O: ke = 308 &+ 3 57!, ke
= 5.27 £ 0.009 s and key = 5.26 &+ 0.008 s7', yet the
substrate dissociation constant (Ki,; = 15.2 + 0.25 uM) in
D,0O was larger than the H,O value. A comprehensive
interpretation of these kinetic parameters determined by
global fitting could now be attained through calculation and
evaluation of the apparent sSKIEs on all of these parameters
(Table 2), as described in the next section.

Solvent Kinetic Isotope Effects from the Transient Kinetics.
sKIEs were determined for ke, Kdqac, Kacy Ka, and Ky from
ratios of the values in Table 2 as obtained in the two solvents:
Dkae = 1.31 & 0.04, Pkgoe = 2.76 + 0.03, PKy = 1.15 £+
0.02, and PK;,; = 0.68 £ 0.03, which may be compared to
the steady-state values of P(k../K,) = 0.71 & 0.14 and Pk,
= 2.76 £ 0.04. Like the equality of the k¢, and kg, values,
the steady-state and transient values of Pk, are also nearly
identical to that of Pkg,., which further supports the proposal
that the deacylation half-reaction is rate-limiting for the
cathepsin C reaction pathway and that the kinetic steps and
rate constants of the acylation half-reaction make little
contribution to the ke and Pk, terms.

The Pk,. value of 1.31 + 0.04 reflects the sKIE for the
acylation half-reaction of cathepsin C. As noted above,
normal sKIEs were observed for the transient rates at all
substrate concentrations from 1 to 30 xM. The normal isotope
effect on Pk, stands in contrast to the inverse isotope effect
on the steady-state P(k./K,) value of 0.71, which also
contains the kinetic steps of the acylation half-reaction.
Contributions to the value of the sKIE for P(k../K,) arise
from two sources: (1) an expected normal kinetic isotope
effect on the ks step of the acylation half-reaction and (2)
the inverse kinetic isotope effect expected from the solvent
equilibrium isotope effect which enriches the distribution of
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Table 2: Transient Rate Kinetics of Cathepsin C in H,O and D,O [pH(D) 5.6]¢

solvent kcm (Sil)b kac (Sil) kdac (571) Ka’ (,MM)[) Kial (ﬂM)
H,O 13.92 £+ 0.001 397+5 13.95 £0.013 1.75 £ 0.003 104 +0.3
D,O 5.26 £ 0.008 308 +3 5.27 £ 0.009 1.53 £0.003 152+£025
chal Dkuc Dkdac DK:\' DKia] tKIE®
SKIE“* 2.76 £+ 0.04 1.31 £ 0.04 2.76 £ 0.03 1.15 £ 0.02 0.68 £ 0.03 23£0.2

“ Transient rate data of product vs time for 5—30 uM SY-AMC in both H,O and D,O were fitted for each solvent to eq 8 for E; values of 0.046 and
0.051 uM in H,O and DO, respectively. * By comparison to its steady-state counterpart values in Table 1, a ke of 13.92 4 0.001 s~ and a kea/Ky of
7.96 + 0.002 uM~! s7!, determined from transient kinetics, were much larger, in part because of the observed effect at concentrations of cathepsin C
greater than 1 nM, an observed unexplained increase in ki and kca/K, (6- and 20-fold, respectively), than that seen at 10—20 pM. © Apparent sKIEs
were calculated from the fitted transient kinetic parameters using eq 4, and the error was determined using eq 5. ¢ The transient kinetic isotope effect
was obtained by determining the sKIE at 5, 7.5, 17.5, and 20 uM SY-AMC for data at 2—60 ms as shown in Figure 4, and extrapolating back to time

zero. The value is the average of the four concentrations.

the active E tautomer in D,O. Assuming that the E and E’
tautomers are rapidly re-equilibrated after conversion of E
to EA in either solvent, much faster than the sampling time
of the transient kinetics, inverse solvent kinetic isotope effects
were not evident in the transient kinetics.

The expression for Pk,. (eq 18) contains the term K,/PK;
in its numerator, which reflects the fact that the concentration
of EA in D,O is greater than in H,O (or, [EA]p,o/[EA]u,0
> 1), which would contribute an inverse solvent equilibrium
isotope effect in the measured Pk,. parameter. That Pk, is a
normal solvent isotope effect of 1.31 indicates that the value
of Pks compensates for or overwhelms any contribution of
the K/PK; term in the Pk,. expression.

The PK;,; value of 0.68 £ 0.03 is unusual since solvent
isotope effects on a substrate dissociation constant are
normally unexpected. From Scheme 1 and eq 12, the
expression for PKj,; may be written as eq 36.

PR, =10 +K,/°K)1+K)I/[(1+K,/°K)1+K,)]
(36)

If the enzyme forms E and EA are enriched in D,O to
different extents, that is [EA]/[E’A] < [E])/[E’] or K > Ky,
then the value of PK;,; may be expected to be <1.

Next, we used the methodology of Palfey and Kagan (39)
and Maniscolo et al. (40) to evaluate the kinetic isotope effect
of the transient phase (tKIE) extrapolated to time zero
(tKIE®). As described in the theory section, the limiting value
of the tKIE, tKIE®, is a function of the intrinsic isotope effect
on the ks step and the solvent equilibrium isotope effect on
the concentration of the E tautomer (eq 35). Shown in Figure
4 are experimental values of tKIE, calculated by dividing
the time course data obtained in H,O by that obtained in
D,0, for the data shown in Figure 2 (5 uM substrate) at ¢ <
60 ms. It is clear that as time increases from 0 to >10 ms,
values of tKIE decrease from >2.0 to a value equivalent to
that of Pk,. (1.3—1.4). The average value of tKIE® at four
different substrate concentrations was 2.3 + 0.2. The
observation that an apparent intrinsic solvent kinetic isotope
effect of 2.3 diminishes to a value of 1.3—1.4 as time
progresses in the transient phase suggests that a slow kinetic
step follows the isotope sensitive one, ks. This is evident
when one examines the expressions for Pk, (eq 18) and tKIE®
(eq 35), in that the former expression contains the k7 rate
constant while the latter does not. In the case where the rate
of desorption of AMC from the FP complex is equal to or
slower than its rate of formation (k; < ks), at t > 10 ms, and
as the EX complex progresses to the FP complex, a low value

for k7 will lead to EX achieving its steady-state concentration
during the transient phase. Under these conditions, the
expression of the intrinsic solvent isotope effect Pks will be
attenuated by the k7 step as FP accumulates and EX and FP
come to equilibrium, whereupon the intrinsic kinetic isotope
effect Pks is replaced by its lower equilibrium value PK.qs,
which is nearly equal to unity.

Determination of the Individual Kinetic Constants from
the Steady-State and Pre-Steady-State Kinetics of Cathepsin
C. From the 12 measured kinetic parameters acquired for
cathepsin C under pre-steady-state and steady-state conditions
summarized in Table 3, one may now produce at least one
set of self-consistent values of the intrinsic kinetic and
equilibrium isotope effects, ratios of the individual rate
constants, approximation of individual rate constants, and
the ratios of the tautomeric forms of the enzyme (K;; and
Kp) for the chemical mechanism in Scheme 1. Assuming
that the commitment factor k¢/k; = ¢ = 0 and employing
literature values of fractionation factors (P°K; = 2.56, PKqs
= 0.91, PKqo = 0.86, and PKq11 = 2.79) (36, 46), we used
SAS to simultaneously solve the 12 equations describing all
values of intrinsic isotope effects, commitment factors, and
equilibrium constants, using the experimental values derived
in this work so far.

Listed in Table 3 are the results of these fittings, from
which the individual rate constants for the kinetic steps in
Scheme 1 were solved or approximated from the commitment
factors obtained from the simultaneous fittings. As a verifica-
tion of these fittings, we reinserted the solved intrinsic values
and individual rate constants into the 12 equations and
calculated values for the 12 kinetic parameters (Table 3,
calculated value), for comparison with their experimental
counterparts. All calculated values are within 5% of their
experimental values.* The solved values of the intrinsic
kinetic and equilibrium isotope effects are all reasonable with
the potential exception of the K, of 4.9, which indicates that
the thiol—imidazole tautomer (E’A) of the Cys-His dyad is
highly favored in the substrate-bound enzyme form. In
contrast, for the free enzyme, the K;; value of 0.7 indicates
that the amount of the thiolate—imidazolium (E) tautomer
exceeds that of the thiol—imidazole (E”) form by 1.5-fold,

4 Calculation of kye_ss from eq 13a using the values in Table 3 results
in a value of 155 s™!, which differs from the transient rate (k. = 397
s7!). The lack of agreement can be attributed to the value of the
commitment factor b (ks/ks4), which was found in this work to be greater
than zero (b = 220). Under strict rapid equilibrium conditions where
b equals zero, k,.—s would equal k.. (eq 17).
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FIGURE 3: Concentration dependence of kinetic parameters obtained
from fitting of pre-steady-state kinetics in H,O (blue) and D,0O (red)
[pH(D) 5.6] to eq 6. (A) Replot of the steady-state rate (ks) vs
[Ser-Tyr-AMC]. The black curves drawn through the experimental
points (average of three determinations) represent fitting the data
to eq 29, resulting in the following values: ke, = 17 & 0.1 s7! and
Ky =2.1 £0.05 uM in H,O, and ke, = 6.4 + 0.1 s7! and Ky =
1.4 £ 0.1 uM in D,0O. (B) Replots of the pre-steady-state transient
rate (1) vs [Ser-Tyr-AMC]. The curves drawn through the experi-
mental points (average of three determinations) were obtained by
fitting the data to eq 31, resulting in the following values: k,. =
380 £ 21 87 kgoe = 1 £ 1987, and K;y; = 9 &+ 3 uM in H,0, and
ke =290 £ 27 571 kgpe = 1 £ 13 571, and Ky = 13 + 4 uM in
D,O. (C) Replots of the square root of the burst amplitude () vs
[SY-AMC]. The curves drawn through the experimental points
(average of three determinations) were obtained by fitting the data
to eq 32, resulting in K values of 1.91 + 0.37 uM in H,0O and 1.6
£ 0.41 uM in D,O. Experimental conditions and details may be
found in Experimental Procedures.
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which is more in accord with experimental data for other
cysteine proteases (/5—18). Under our experimental condi-
tions, lowering the solution dielectric constant via the
presence of 5% DMSO may contribute to an apparent
increase in the proportion of the neutral forms of the Cys-
His dyad over that of their ionic counterparts.

As an additional verification of the solutions to the
individual rate constants and intrinsic isotope effects of the
chemical mechanism of cathepsin C found in Table 3, we
used simulation software (see Experimental Procedures) and
the mechanism shown in Scheme 1 to create simulated time
courses of the transient kinetics in both H,O and D,O to
compare with the experimental data. For these simulations,
the observed fluorescence signal was assumed to arise from
the EX, FP, and P species,2 and the simulated time courses
were constructed from the solved rate constants k;—kjs
summarized in Table 3. For simulations of the time courses
in D,O, the isotope-sensitive rate constants ki, ks, ko, ko,
and ky; were calculated as follows: kip,0 = k111,0°Kia1, k5,0
= ksu,0/Pks, kop,o = kow,0/Pko, kiop,o = kion,oPKeqo/Pko, and
kiip,0o = kimo/Pkii. The time courses simulated in either
solvent superimposed on the experimental data remarkably
well (see Figure 5 for 5 and 20 M substrate time course
examples), thereby indicating that the set of solved rate
constants and intrinsic isotope effects is consistent with the
experimental data.

The full set of kinetic values derived from this work also
allowed estimation through simulation of the kinetic profile
in Scheme 1 of the levels of all enzyme forms during
catalysis. As shown in Figure 6, during steady-state catalysis,
cathepsin C exists primarily (~80%) in the acylated form,
F (43%) or FX (33%). The current crux of drug discovery
for cysteine and serine proteases is that inhibitors act
primarily through reaction with the active-site cysteine. Our
results suggest that in the presence of substrate, the enzyme
becomes primarily acylated and potentially more available
to bind inhibitors synergistically or noncompetitively with
substrate, thereby bypassing the cysteine reactivity problems.
We may now have another strategy for screening for and/or
rational design of more efficacious inhibitors via probing the
acylated form of the enzyme.

Chemical Mechanism of Cathepsin C. The chemical
mechanism that this work proposes for cathepsin C, that of
Scheme 1, not only confirms many of the features derived
from previous studies on other cysteine proteases (/3-22)
but also expands on the previous knowledge by providing
relative rates of several steps during catalysis. As we have
now shown, for the SY-AMC substrate, the acylation half-
reaction is much more rapid than its deacylation counterpart
such that k., is completely constrained by its component half-
reaction, kg,.. The pH—rate data reported in this study are
inconclusive in terms of the definitive assignment of the
enzymatic groups of pK values of 4.3 and 6.7 to His-381
and Cys-234, respectively, but these values are completely
consistent with those observed for the active-site histidinyl
and cysteinyl residues of other cysteine proteases. At the
pH optimum, the thiolate form of Cys-234 and the imida-
zolium form of His-384 are 1.5-fold more abundant than their
neutral counterparts ([E] > [E’]), so the observed inverse
value of P(k../K,) arises entirely from the enrichment in D,O
of tautomeric form E. That is, contrary to some reports that
inverse effects are due to kinetic or substrate-induced
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Table 3: Summary of the Kinetic Parameters, Solved Commitment Factors, Intrinsic Isotope Effects, and Individual Rate Constants for Cathepsin C*

equation kinetic solved intrinsic isotope effects, calculated individual
number parameter experimental value calculated value commitment factors, and tautomer constants rate constants
11 keat! KuEx 7.95 +0.002 uM ! 57! 7A4uM st Dks =3.2 k=18 uM's7!
33 Kia 104 £ 0.3 uM 10.4 uM Dkg =2.6 ky =650 57!
14 D(kead K2) 0.71 £ 0.14 0.74 Dk =32 k3 = 1500 s7!
17 kac/Ey 397 £557! 397 s7! kalk, = 2.3 ky=13s7!
18 Dke 1.31 £ 0.04 1.31 kslks = 220 ks = 2900 s™!
13b kaac/E 13.95 4+ 0.001 s~! 14.4 57! kelk7 ~ 0 ke = 0.1
16 Dkdac 2.76 + 0.03 2.84 kslks = 0.5 k7 =460 s~!
10 keal E¢ 13.92 4+ 0.001 s~! 13.2s7! kslk7 = 6.2 ko= 115s""
15 Dkcat 2.76 + 0.04 2.67 kio/kip = 2.8 kio=100s7!
35 tKIE® 23+03 2.4 kio/kiz ~ 0.15 ki =36s7!
30 Ky 1.75 £ 0.003 uM 1.7 uM kolki) = 3.2 kip <150 87!
36 PKia1 0.68 + 0.03 0.65 kii/kiz < 0.1 ki3 > 1000 s7!
k3 =1500s""!
ko=115s""!
K[] =0.7
Klz =49

“ Experimental kinetic parameters are those found in this work and reported in Tables 1 and 2. Solved values were obtained from simultaneous
solution of the 12 equations in column 1 using the experimental values in column 3, fixed (literature) values for PK; (2.56), PKeqs (0.91), PKeqo (0.86),
and DKCq“ (2.79), and the solved ratios of rate constants for the kinetic steps in Scheme 1 (36, 46). Individual rate constants were then derived by
starting with values for k3 and ko that were solved by the fitting, and then calculating the rest of the rate constants on the basis of the solved ratios
(commitment factors), listed in column 5. The rate constant values listed in column 6 are not exact but represent ranges (within ~5%) of numbers that

are consistent with all fitting routines carried out in this work.
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FIGURE 4: Transient kinetic isotope effects for cathepsin C. tKIE
was determined by division of the [AMC] at each time point from
0.002 to 0.060 s in H,O by the corresponding value in D,O at 5
uM substrate. Experimental conditions and details may be found
in Experimental Procedures.

formation of the thiolate—imidazolium pair, the setting up
of this catalytically competent form of the enzyme is not a
kinetic but an equilibrium step.

This work also provides estimates of the rate constants
and intrinsic solvent isotope effects for the individual reaction
steps. The solved values in Table 3 suggest that the
conversions of E to EA to EX are highly committed kinetic
steps (kslk, = 2.3, Keq3 = 115, and ks/ks, = 222), which is
reflected in the large experimental value for the transient rate
of acylation (k,. = 397 s™!). For the acylation half-reaction,
the solved values of k3 (1500 s!), ks (13 s71), and Keq3 (115)
indicate that as expected the attack of the active-site thiolate
in EA on the substrate to form the tetrahedral intermediate
in the EX complex is heavily favored kinetically and
thermodynamically, and likewise, the collapse of this tetra-
hedral intermediate to form the acylated enzyme—product
form FP is also a strongly committed step (ks = 2900 s~
and k¢ ~ 0). This is also reflected in the time course
simulations (Figure 6B), for which both [EA] and [EX] rise

and fall at very low time points in the transient phase. The
conversion of the EX intermediate to the FP complex
involves protonation of the scissile AMC group by the
imidazolium on His-384, which would constitute the normal
solvent isotope effect calculated as Pks = 3.2 (Table 3). A
normal solvent isotope effect would be expected in the
chemical step in which the tetrahedral intermediate in EX is
converted to the acylated form of cathepsin C, FP, as it
involves one primary and two secondary hydrogen isotope
effects. That the simulated time course of the formation and
conversion of the enzyme species EX in Figure 6 is very
rapid suggests that the acylation half-reaction of cathepsin
C, using SY-AMC as a substrate, involves a fleeting
tetrahedral intermediate, and accordingly, the conversion of
EA to FP is a nearly concerted reaction. Previous analyses
of the heavy atom kinetic isotope effects of papain using
p-nitrophenyl acetate as a substrate (labeled in the carbon
and oxygen atoms of the carbonyl group and the phenolate
oxygen atom) have shown that the acylation half-reaction
proceeds via a concerted mechanism (48). Our finding that
a short-lived tetrahedral intermediate exists in the acylation
half-reaction of cathepsin C is consistent with these results
in that the p-nitrophenolate is expected to be a better leaving
group than the aminocoumarin group of SY-AMC. More-
over, unlike that of p-nitrophenolate, departure of the
aminocoumarin group of AMC requires protonation by the
imidazolium species, which would favor the existence of a
tetrahedral intermediate.

Interestingly, our results indicate that the desorption of
the AMC product from the FP complex is sufficiently slow
(k7 = 460 s~ ") that it could be the rate-limiting step of the
acylation half-reaction, as seen in the increase in FP
concentration in the transient phase in panels A and B of
Figure 6. The relatively low k; value of 460 s~! results in
FP concentration being the predominant species during the
transient phase of acylation in either solvent, although in
D,0 the sKIE on the ks step leads to an increased EX
concentration and a decreased FP concentration compared
to those in H,O (Figure 6C). This suggests that the bicyclic
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FIGURE 5: Simulations of time courses of the transient kinetics of
cathepsin C in H,O and D,0. Experimental data are shown in blue
for H,O and red for D,0O, where the concentration represents the
concentration of AMC as determined by quantification of the
fluorescence signal. Simulations are shown in solid black lines,
where the concentration represents the sum of the concentrations
of EX, FP, and P. Simulations were generated by using the
mechanism outlined in Scheme 1 and the rate constants k;—k;3 listed
in Table 3. The rate constants used for the D,O simulations were
calculated on the basis of the sKIEs on some of these steps (see
the text for clarification): k; = 12 uM~! s71, k, = 648 s, k3 =
1500 s1, kg = 13 571, ks = 900 s, k¢ = 0.03 s71, ky = 464 571,
ko = 44 S_l, kip = 34 S_l, ki =12 S_l, ki, = 0.1 S_l, and ki3 =
10000 s~!. (A) Time course simulations and data for 5 uM substrate
and 42 nM enzyme. (B) Time course simulations and data for 20
uM substrate and 52 nM enzyme.

aromatic moiety of the AMC product may render it “sticky”
in the enzyme active site, which lends support to the notion
that finding inhibitors that bind to the acylated form of the
enzyme is possible. That k; is smaller than ks further
substantiates the reason why the apparent value of tKIE
decreases from 2.3 at t — 0 to 1.3 at r > 10 ms, since at
longer reaction times in D,O, the effect of Pks on tKIE is
attenuated as the EX and FP complexes nearly come to
equilibrium. This is also shown in the early part of the
transient in D,O, shown in Figure 6C, as the “peak
concentration” of EX increases and broadens while the peak
FP concentration diminishes and broadens compared to the
H,O transient data in Figure 6B.

In the deacylation half-reaction, the unprotonated His-381
likely represents the group corresponding to the measured
pK of 7.7 in the pH—rate profile of k., and acts as a general
base to remove the proton on the lytic water. The solved
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FIGURE 6: Simulations of time courses for the formation and
disintegration of all enzyme, substrate, and product species formed
during catalysis using 5 uM substrate and 42 nM cathepsin C.
Scheme 1 was used as the model chemical mechanism, and values
for all 13 rate constants, listed in Table 3, were used to simulate
the reaction from 0 to 60 ms: free AMC product, P (black); free
enzyme, E (orange); enzyme—substrate complex, EA (pink);
enzyme intermediate, EX (purple); acylated enzyme—product
complex, FP (brown); acylated enzyme, F (green); acylated enzyme
intermediate, FX (red); and dipeptide product, Q (gray). There is
no significant production or presence of enzyme dipeptide product,
EQ, so it is not shown. (A) Plot of all enzyme species. Experimental
data for 5 uM SY-AMC are shown in blue. During the steady state
(>30 ms), the concentrations of F, FX, and E are 18 nM (43% of
E), 14 nM (33% of E,), and 8.6 nM (20% of E,), respectively. (B)
Levels of EA, EX, and FP formed in H,O during the first 20 ms.
(C) Levels of EA, EX, and FP formed in D,O during the first 20
ms.
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rate constants indicate that the formation of the tetrahedral
complex in FX (k¢ = 115 s7') is more rapid than its
conversion to E'Q (k;; = 36 s7!), for which significant,
normal intrinsic kinetic isotope effects (Pkg = 2.6 and Pk,
= 3.2) are determined. These would be expected on the
slower steps in the deacylation half-reaction because of the
general base hydrolysis of the acyl-bound enzyme which
involves one primary and two secondary isotope effects on
each of the two steps. This is also evident in Figure 6 as FX
constitutes a long-lived complex in the generated time
courses.

In summary, this work shows that integration of steady-
state with both pre-steady-state kinetics and solvent kinetic
isotope effects allowed the derivation of an almost complete
kinetic picture of catalysis by a cysteine protease. This work
also allows resolution of the relative levels of enzyme forms
present during catalysis and, thus, combined with the
chemical mechanisms involved, a potential roadmap to help
steer drug discovery efforts for this and other disease-relevant
cysteine proteases.
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