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ABSTRACT: Activation of the caspase family of cysteine proteases results in the deregulation of cellular
homeostasis and apoptosis. This deregulation is a key factor in the development of Alzheimer’s disease,
Parkinson’s disease, and cancer. Thus, the caspases are important drug targets for the therapeutic intervention
of a number of pathological states involving inflammation and apoptosis. In this article, we report the
results of inhibition kinetics and binding studies utilizing fluorescence spectroscopy and isothermal titration
calorimetry to characterize the mechanism of interaction of caspase-3 with three different classes of
inhibitors: peptidomimetics, isatins, and pyrimidoindolones. The peptidomimetics and pyrimidoindolones
bind to both active sites of the caspase-3 homodimer with equal affinity and favorable enthalpic and
entropic binding contributions. Enzyme activity is abolished when both active sites are occupied with the
above inhibitors. In contrast, the isatins bind to caspase-3 with significant heat reteba&dgal/mol)

and negative entropy. In addition, enzyme activity is abolished upon isatin binding to one active site of
the homodimer resulting in half-site reactivity. Our studies provide important mechanistic insight into
inhibitor interactions with caspase-3 and a way to characterize inhibitor interactions that may not be
readily apparent from the crystal structure.

Initiation and execution of apoptosis and inflammatory proteases an important target for therapeutic intervention in
responses are dependent upon the precise coordination angtroke, ischemia, neurodegenerative disorders such as Alzhe-
regulation of the caspase family of cysteine proteates (  imer's disease, cancer, and inflammatory disea8esh(

4). Fourteen caspases have been identified that can be divideqiiost of the inhibitors to date are peptide-based and have
into three functional groups associated with inflammation peen ysed to validate the role of caspases in many diseases,
or apoptosis. One group associated with inflammation \hile much effort has been devoted to developing nonpeptide

contains caspases-1, -4, and -5. The other two groupse,ersiple inhibitors that bind at the active sig-(L0).
associated with apoptosis include the initiator caspases (-8,

-9, and -10) and the effector caspases (-3, -6, and -7). The Three-dimensional structures of active caspasé), (
initiator caspases are activated by extrinsic or intrinsic caspase-31@), and caspase-29) in the absence of bound
apoptotic stimuli and then proceed to activate the effector jnnipitor as well as caspasénhibitor complexes 11, 12,
caspases. All effector caspases are expresseo_l as cytoso_llfa and reviewed inl4) have been determined to provide
zymogens that are subsequently cleaved at specific intrachainy ¢, mation about inhibitor-induced conformational changes
sites. Intr_acham cleavage is essential for the.agtw_atlon of and molecular interactions important for inhibitor potency
the dimeric effector caspases; however, a proximity-induced e ) .

and specificity. Caspase-3 consists of a homodimer of

dimerization model has been proposed for initiator caspaseh terodi ith h heterodi taini I
activation 6—7). Activated caspases contain a catalytic dyad ebero_ |mfers, witt eacl € iro |mecrj coln aining ba ;maf
comprised of a nucleophilic cysteine and a histidine, and subunit of approximately 10 kDa and a large subunit o

have a strict specificity for cleavage after aspartyl residues. @PProximately 20 kDa (Figure 1). The majority of published
Substrate specificity is regulated by the sequence of four Caspaseinhibitor structures contain a peptide or protein
amino acids amino-terminal to the C|ea\/age site as effectorinhibitor or a small molecule inhibitor bound at the active
caspases cleave after DEVD sequences while activatorsite. The exception is a class of small molecule inhibitors
caspases cleave after (V/I/L)EXD sequences. The effectorbound at an allosteric site between the homodimer interface
caspases carry out the specific cleavage of protein targeton caspase-7 or caspase-1 that traps the enzyme in a
within the cell that are associated with cellular homeostasis. zymogen-like conformationi§, 16). Though detailed struc-
The central role of caspases in apoptosis has made thesgural and kinetic information on the mechanism of inhibitor
interactions with caspases have been obtained, little is known
*Phone:  (845)-602-3058. Fax:  (845)-602-5687. E-mail: gzhout the stoichiometry of caspase inhibition or the thermo-
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dynamics of inhibitor binding to caspase that would aid
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Ficure 1: Structure of the caspase-3 homodimer bound to Ac-
DVAD-FMK (pdb entry 1CP3). The small subunits are colored
blue and brown, and the two corresponding large subunits are
colored light blue and yellow, respectively. The loops comprising
the substrate-binding region on the large subunit (L2, L3, and L4)
and the small subunit (Lpare labeled. The inhibitor (orange) and
residues W206 and W214 (green) are shown.

In this study, we have employed inhibition kinetics,
isothermal titration calorimetry (IT§ and fluorescence
spectroscopy to characterize the thermodynamics and mech
anism of caspase-3 interactions with the following three
classes of inhibitors: (1) peptidomimetic (Figure 2A and B);
(2) isatin (Figure 2C); and (3) pyrmidoindolone (Figure 2D).

The results from these studies demonstrate that (1) the

peptidomimetics and pyrimidoindolones bind to both active
sites of the caspase-3 homodimer with equal affinity; (2) the
binding of the peptidomimetics and pyrimidoinolones is
enthalpically driven with favorable entropy; (3) isatin binding
to caspase-3 is enthalpically driven with unfavorable entropy;
and (4) isatin binds to caspase-3 with negative cooperativity
and abolishes enzyme activity upon binding to one active
site of the homodimer (half-site reactivity).

MATERIALS AND METHODS

ReagentsCaspase substrates (Ac-DEVD-AFC and Ac-
YVAD-AFC) were purchased from BIOMOL Research
Laboratories (Plymouth Meeting, PA). Standard laboratory
reagents were purchased from Sigma, Aldrich, Fluka, and
Research Organics.

Protein Expression and PurificatioThe DNA sequence
encoding the caspase-3 catalytic domain (no prodomain) with
a C-terminal hexa-His tag was inserted into Vector pET-
16b and expressed iBscherichia coliBL21 (DE3) cells.
Cell pellets were resuspended in 20 mM Tris (pH 8.0), 500
mM NaCl, and 5 mM imidazole. The cell suspension was

disrupted by passing the suspension 5 times through aly

microfluidizer Model 110Y (Microfluidics Corp, Newton,

1 Abbreviations: AFC, 7-amino-4-trifluoromethylcoumarin; DMSO,
dimethylsulfoxide; FMK, fluoromethylketone; ITC, isothermal titration
calorimetry; Pipes, 1,4-piperazinediethanesulfonic acid; CHAPS, 3-[(3-
cholamido-propyl)dimethylammonio]-1-propanesulfonic acid; RFU,
relative fluorescence unit; UV, ultraviolet.
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MA). After centrifugation (Sorvall rotor GSA, 13,000 rpm,
30 min at 4°C), the supernatant was applied to a column of
Ni-NTA agarose. Caspase-3 was eluted with a gradient of 5
mM to 150 mM imidazole in the above buffer (20 mM Tris
(pH 8.0), 500 mM NaCl, and 5 mM cysteine at pH 8.0).
Fractions containing caspase-3 were pooled and concentrated
with a Millipore Ultrafree filtration device. The concentrated
caspase-3 solution was loaded on a TSK gel G3000sw
column (Tosoh Bioscience LLC) and eluted with a buffer
of 20 mM PIPES (pH 7.2), 100 mM NaCl, 1 mM EDTA,
and 5 mM cysteine. Fractions containing caspase-3 were
pooled and concentrated. CHAPS and sucrose were added
to a final concentration of 0.1% and 10%, respectively. The
purified caspase-3 was greater than 95% pure and showed
two subunits of 20 and 10 kDa on reduced SEFAGE.
The concentration of the purified protein was determined
from the absorbance at 280 nm with the extinction coefficient
obtained from Sednterg4 = 24,180 M* cm™) (17).
Enzyme Assay&nzyme activity was measured using a
fluorescence assay as described previousB). (Briefly,
caspase-3 was added last to the assay buffer (20 mM Pipes
(pH 7.5), 100 mM NacCl, 0.1% CHAPS, 10% sucrose, and 5
mM cysteine) containing 2aM Ac-DEVD-AFC substrate
at room temperature (22C) to afford a final enzyme
concentration of 0.25 nM. The enzyme concentration is
reported as the concentration of heterodimer. The formation
of AFC was monitored for 90 min using an excitation
wavelength of 400 nm and an emission wavelength of 505
nm on a Molecular Devices Geminill plate reader.
" Inhibition Assays and Acte-Site TitrationsThe inhibition
profile of an inhibitor was determined in the enzyme assays
described above. The concentration of Ac-DEVD-AFC was
varied from 5 to 75M, and the concentration of inhibitor
was varied from 0.2 nM to 2@M. Caspase-3 was added
last to initiate the enzyme reaction, which was monitored
for at least 1.5 h. Initial rates for the rapidly reversible,
competitive isatin inhibitor IST-11(9) were analyzed using

Vmax[ S
[a+m@+%)

UO—

(1)

whereKy, is the Michaelis constant, anghaxis the catalytic

rate at saturating substrate concentration. Khealues for

the rapidly reversible IST-2 and IST-3 inhibitors were
calculated from the 16 values obtained from a dose
response curve at one substrate concentration using eq 2 for
competitive inhibition.

K, = —
1+£)

S

Progress curves for time-dependent inhibitors were ana-
zed using eq 320):

(@)

Up — Vs
kobs

where P] is the product concentration at any tirhe, and
vs are the initial and final steady-state rates, &pgdis the

[P] = ot + (1 — e kovd) (3)
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FiGure 2: Structures of the caspase-3 inhibitors investigated.

apparent first-order rate constant for establishment of the final control titrations were performed where the ligand solution
steady-state equilibrium. The initial and final steady-state was added stepwise to buffer alone. Emission spectra (300
rate data were fit using eq 1 to obtaddnandK;*, respectively, to 500 nm) were obtained upon excitation at 295 nm using
where K; represents the inhibition constant of the initial slit widths of 2 nm after the fluorescence signal had
complex, and;* is the overall inhibition constant including  stabilized: typically 10 min. The control titration of inhibitor
initial binding and the slow conversion to the tight-binding alone was subtracted from each concentration point, and the
complex. The data were analyzed using Sigma Plot 2000 ligand-dependent protein fluorescence changes at 350 nm,
Enzyme Kinetics Module from SPSS Science (Richmond, AF, were fitted to the quadratic equation (eq 4) to obtain
CA). the apparent dissociation constaHly)(for the inhibitor—

The stoichiometry of inhibitor inactivation of caspase-3 caspase-3 interaction:
was determined by active-site titration using the alternative AF=F. —F=
substrate Ac-YVAD-AFC. A fixed concentration of inhibitor Y -
(typically 300 to 400 nM) was typically preincubated for 30 (Fo— Fra) (E1 +[11 + K, — \/([E] + 1]+ Kd)2 — 4[E][1])
min with increasing concentrations of caspase-3 (25 nM to 2[E]
1.4uM) in a 96-well microplate. The reactions were initiated (4)
with the addition of the substrate Ac-YVAD-AFC (20M).
Control titrations were performed, where increasing concen- whereE is the heterodimer concentratids is the caspase-3
trations of caspase-3 were preincubated in buffer. Trp fluorescence in the absence of compouRdis the

Fluorescence Titrationd-luorescence spectroscopy was observed Trp fluorescence after subtraction of the inhibitor
used to determine the affinity of inhibitor binding to caspase- control, andFn. is the fluorescence in the presence of
3. Fluorescence spectra were obtained on a Perkin-Elmersaturating concentrations of compound. Control titrations of
LS50 B instrument. The ligand solution was added stepwise tryptophanamide with inhibitor were performed to determine
(1 to 2uL aliquots) to a quartz-cuvette containing 1 mL of whether the compound interfered with tryptophan fluores-
1.5uM caspase-3 in the assay buffer with 5 mM cysteine. cence.
The final concentration of ligand was typically 30 nM to 15 Isothermal Titration Calorimetry.lsothermal titration
uM for isatins and Ac-DEVD-CHO, 100 nM to 16M for calorimetry experiments were performed using a high-
pyrmidoindolones, and 400 nM to 18/ for PEP-1. Ligand precision VP-ITC titration calorimeter (MicroCal Inc.,
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Northhampton, MA). The caspase-3 solution (10 toul
heterodimer) in the calorimetric cell (2&) was titrated with

the ligand dissolved in the same buffer. TypicallyuB
aliquots of the ligand were injected 32 times into the
caspase-3 solution (20 mM Pipes (pH 7.2), 100 mM NacCl,
1 mM EDTA, 1 mM cysteine, and 0.5% DMSO) or into
buffer alone to determine the heat of dilution. The heat
released upon ligand bindingAH) was determined by
integrating the area of each titration peak and subtracting
the heat due to dilution and DMSO mismatch prior to data
analysis. The presence of a linked protonatideprotonation
reaction upon isatin binding was checked by repeating the
titration in PBS, a buffer with an ionization enthalpy (1.2
kcal/mol) lower than Pipes (2.7 kcal/moB1). Thermody-
namic parameterAH (enthalpy change)j (stoichiometry),
and K, (association constant) were obtained by nonlinear
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Table 1: Inhibition Constants and Stoichiometry of Inhibition

stoichiometry

Ki2 Ky ([inhibitor]/
compd (nM) (nM) [active site])
IST-1 16.1+ 0.98 0.5
IST-2 11+ 2° 0.5
IST-3 25+ 0.5 0.5
PEP-1 165t 8 1.0
WAY-207890 265+ 58 0.61+ 0.08 1.0
WAY-208698 478+ 71 0.41+0.11 1.0
Ac-DEVD-CHO 77+ 43 1.6+ 0.5 1.0

aK; was calculated from the initial rates, akgt was calculated
from the steady-state rates for time-dependent inhibitds.was
calculated using the following equation for competitive inhibitién,
= 1Cs¢/(1 + SK). ¢ Stoichiometry was determined from the intersec-
tion of the inhibitor titration curve.

least-squares fitting of the experimental data using the singlevalue (~4000-fold lower) than that of Ac-DEVD-AFC that

set of independent binding sites model of the Origin 5.0
software supplied by MicroCal. The affinity of ligand for
caspase-3 is reported as the dissociation consfant (/K).
The free energy of bindingAG) and entropy AS) were
obtained using egs 5 and 6:

AG=—RTInK, (5)

(6)

whereR s the gas constant, afids the absolute temperature
in Kelvin.

UV Spectrophotoscopy of Compound Interaction with
Caspase-3The interaction of isatin IST-1 with caspase-3

AG=AH —TAS

enabled caspase-3 activity measurements up toudM4
heterodimer. The inhibitor was titrated with caspase-3 to
reduce any interference that may arise in the fluorescence
activity assay if caspase-3 were titrated with the inhibitor.
The inhibitor concentration used in the titrations was at least
20 times the steady-stalg for Ac-DEVD-CHO, isatin, and
pyrimidoindolone, and 10 times th§ for PEP-1 to ensure
that tight-binding conditions in the titrations were met.
Increasing amounts of caspase-3 were incubated with a fixed
concentration of the inhibitor for 30 min prior to the addition
of the substrate (Figure 3). In the Ac-DEVD-CHO titration,
enzyme activity was completely abolished at caspase-3
heterodimer concentrations lower than inhibitor concentration
(Figure 3A). The enzyme activity increased on further

was monitored by the decrease in isatin absorbance at 41(ddition of caspase-3 and paralleled the increase in the

nm due to complex formation in an Agilent 8453 UV/vis
spectrophotometer. Aliquots of IST-1 inhibitor were added
stepwise to caspase-3 (681 active heterodimer) and the
absorbance at 410 nm recorded after the signal stabilized
typically 5 min. A control titration was performed where

control titration, consistent with the tight-binding behavior
of the inhibitor @4). The stoichiometry of the interaction
was obtained from the intercept of the horizontal axis. As

shown in Figure 3A, the intercept for the 400 nM Ac-DEVD-

CHO titration was 390 nM caspase-3 heterodimer, corre-

compound was added stepwise to buffer alone. The formationsponding to a 1/1 stoichiometry of inhibitor/active site. Thus,

of the thiohemiketal complex results in the loss of the 410
nm signal relative to the unreacted control signal, and the

there is stoichiometric binding of Ac-DEVD-CHO, and both
active sites on the caspase homodimer need to be occupied

amount of isatin that did not react with the active site cysteine PY Ac-DEVD-CHO for complete inhibition to occur. The

(free and noncovalent complex) corresponds to the observe
A410 signal. The concentration of the thiohemiketal complex
is proportional to the difference between the control A410
and the observed A410 and is calculated using the IST-1
extinction coefficient obtained from the control titration: 501
M~tcm

RESULTS

Inhibition and Stoichiometry of Caspase-3 Inaetion.
Three classes of known peptide inhibitors were evaluated in

xperiments were repeated with peptidomimetic PEP-1, isatin
ST-1, and the pyrmidoindolones WAY-207890 and WAY-
208698 to determine if similar stoichiometry is observed with
these inhibitors. The curvature observed at low enzyme
concentration in the titration of IST-1 (Figure 3B) is
consistent with the decreased potency of this inhibitor relative
to Ac-DEVD-CHO (Table 1). The stoichiometry of the
inhibition of PEP-1, WAY-207890, or WAY-208698 with
the caspase-3 heterodimer was also 1/1 (Figure 3C and
Supporting Information Figure 2). However, different results
were obtained for the IST-1 titration. The intercept for the

the fluorescence enzyme activity assay (Table 1). Resultstitration of 310 nM IST-1 is approximately 600 nM (Figure

from the initial velocity studies showed that IST-1, PEP-1,
WAY-207890, and Ac-DEVD-CHO are competitive inhibi-
tors against the Ac-DEVD-AFC substrate (Supporting In-

formation Figure 1). The steady-state potency and the time-

dependent inhibition are in good agreement with previously
published resultsl@, 19, 22, 23). The availability of highly
purified caspase-3 and the tight-binding properties of the
different inhibitors (Table 1) allowed us to determine the
stoichiometry of the inhibition of caspase-3 for the different
chemical classes by active-site titration. The substrate Ac-
YVAD-AFC used in these experiments had a lowg#Ky

3B), which corresponds to a stoichiometry of inhibitor to
caspase-3 heterodimer of 0.5/1. This result with isatin
indicates that inhibition can occur with only one active site
occupied. To determine if this half-site reactivity was unique
to IST-1, two additional isatin analogues, IST-2 and IST-3,
were characterized, and both displayed half-site reactivity
(Table 1). These experiments were repeated with at least
three different batches of purified enzyme and yielded
reproducible results.

Binding of Caspase-3 and Inhibitors by Fluorescence
SpectroscopyThe interaction of inhibitors with caspase-3
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(Figure 1). Conformational changes of the two Trp residues
are observed in the crystal structures of caspase-3 in the
presence of Ac-DEVD-CHO or Ac-DVAD-FMK relative to
the crystal structure of unoccupied caspasd-3.(These
results imply that intrinsic Trp fluorescence could be a
sensitive probe for characterizing inhibitor binding and
potency. Sequential addition of aliquots of PEP-1or IST-2
resulted in a decrease of the tryptophan fluorescence quantum
yield to greater than 80% (Figure 4). Similar results were
obtained with the addition of Ac-DEVD-CHO (Supporting
Information Figure 3) or pyrimidoindolone (data not shown).
The fluorescence change was proportional to the concentra-
tion of the inhibitor-caspase-3 complex, and inhibitor
affinity to the protein was obtained from the binding isotherm
using eq 4 (Table 2). Control titration of tryptophanamide
with ligand indicated that the compounds did not interfere
with tryptophan fluorescence at the inhibitor concentrations
used in the titrations. Interestingly, a similar extent of
tryptophan quenching on the titration of caspase-3 with IST-2
(Figure 4C) was reached at less than 50% of heterodimer
concentration. This result implies a conformational change
not only at the ligand-occupied active site but also at the
unoccupied site.

Thermodynamics of Ligand Binding to Caspase-3 as
Measured by ITCTo better understand the thermodynamics
of inhibitor binding, isothermal titration calorimetry experi-
ments were performed. The stoichiometry), (affinity
(expressed as the dissociation consté)t and the thermo-
dynamic parameterAH, AG, andAScan be obtained from
a single experiment to afford a thermodynamic profile for
each inhibitor. The stoichiometry data obtained from the ITC
experiments (Table 3) are consistent with the steady-state
data obtained by the kinetic experiments. However,Khe
obtained by ITC and Trp quenching are intermediate between
the initial rate K; value and the steady-stat§* value,
implying that binding affinity is due to an initial binding
step. The shape of the binding isotherms for PEP-1 (Figure
5A), WAY-207890 (Figure 5B), and Ac-DEVD-CHO (data
not shown) are consistent with equivalent binding sites on
the caspase-3 homodimer, and the data best fit the model
for a single class of binding sites. The binding of isatin IST-1
is also consistent with one class of sites, corresponding to
half-site reactivity as observed in the active-site titration
(Figure 5C). If IST-1 were to bind to the second active site
of caspase-3, theKy, would be greater than 15M (the
protein concentration used in the experiments). The binding
of all inhibitors investigated to caspase-3 is enthalpically
driven, though significantly greater heat is evolved upon the
binding of the isatins{10 to —12 kcal/mol) compared to
PEP-1 or WAY-207890 {2.46 and—2.75 kcal/mol, re-
spectively; Table 3). Because t values for pyrimido-

indolone and isatin binding to caspase-3 are similar under
similar buffer conditions, the large difference AH means

Ficure 3: Stoichiometry of inhibitor binding to caspase-3 by active-
site titration. (A) Peptidomimetic inhibitor Ac-DEVD-CHO (400

nM), (B) IST-1 (310 nM), or (C) WAY-207890 (400 nM) was \yAy-207890 binding is entropically favorable, whereas
preincubated for 30 min at room temperature with increasing

amounts of caspase-3+0.4 uM heterodimer concentratiom). @sa;in binding is entropically qn_favorable. These results
Increasing concentrations of caspase-3 were preincubated in bufferindicate that though the two inhibitors have some structural
for 30 min at room temperature to generate the control cudje ( similarity, the binding stoichiometry and thermodynamics

The enzymatic reaction was initiated by the addition of Ac-YVAD-  with caspase-3 are different. Omitting sucrose from the
AFC. binding buffer had no effect on the observed heat of isatin
was directly assessed by fluorescence spectroscopy. Caspaseknding. The titration with isatin was repeated using a buffer
contains two tryptophan residues, W206 and W214, locatedwith a different heat of ionization to determine whether

within the active site in the S2 and S4 pockets, respectively proton transfer during binding may contribute to the observed
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Table 2: Caspase-3 Inhibitor Potency from Trp Fluorescence complexed with IST-3 was previously reported, and both

Quenching active sites are occupied by the ligarZb). Results from
Kq the above ITC experiments indicated that the isatin affinity
inhibitor (nM) of the second active site was greater than 8. UV
PEP-1 208k 21 spectroscopy was next used to monitor the affinity and
Ac-DEVD-CHO 51+27 reactivity of IST1 with caspase-3 by taking advantage of the
IST-1 8r+7 disappearance of isatin absorbance at 410 nm upon the
IST-2 58+ 28 PP O ; - M Upon
WAY-207890 504+ 25 formation of thiohemiketal at C-3 with the active site cysteine

(Figure 6). In the presence of @M caspase-3 heterodimer,
enthalpy (Table 3). No change inH was observed upon no 410 nm absorbance is observed at isatin concentrations
changing the buffer composition, eliminating proton transfer below 30uM. An increase in 410 absorbance is observed at
as a contribution to the binding enthalpy. higher isatin concentrations (Figure 6B). The curvature
We performed a titration experiment of the 1-to-2 isatin  ghserved at isatin concentrations between 30 and\dGs

heterodimer complex with the pyrimidoindolone WAY-  cqnistent with the decreased potency of the second isatin
207890 to assess the affinity and thermodynamics of ligand p;ing site. The stoichiometry of the interaction can be
b_|nd|r_lg to the _unoccupled active site of the complex. Hal_f- estimated by two methods: (1) from the intercept of the
T e o e b hotizotal i 56,) and () te concentaton o

9 b ' thiohemiketal formed (6&:M), calculated from the offset

affinity and thermodynamic profile of WAY-207890 binding . o
to the complex is different from the profile observed upon of the unreacted IST-1 in the caspase-3 titration from the

the binding of WAY-207890 to caspase-3 (Table 3). The IST-1 control titration. Both methods for determining the
affinity for WAY-207890 is reduced, and the enthalpic amount of thiohemiketal formed are consistent with two
contribution to binding has increased, consistent with isatin- classes of binding sites coupled with thiohemiketal formation

induced conformational changes in the unoccupied active siteresulting in a 1-to-1 stoichiometry. Unfortunately, the dif-
upon binding to caspase-3. ference curve obtained upon subtraction of the caspase

Negative Cooperatiity of Isatin Binding to Caspase-3 titration from the control titration was too noisy to determine
using UV Spectroscopy.he crystal structure of caspase-3 the affinity for the second site.
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Table 3: Thermodynamic Parameters for Inhibitor Binding to Caspase-3 Determined by Isothermal Titration Caforimetry

Ka AH AG —TAS
inhibitor buffer stoichiometry (nM) (kcal/mol) (kcal/mol) (kcal/mol)

PEP-2 d 1.14 81+ 15 —2.46+ 0.03 —9.67 —-7.21
Ac-DEVD-CHO? e 0.97 68+ 37 —5.66+ 0.22 —-9.77 —-4.1
IST-1° d 0.63 28+ 3 —12.04+ 0.06 —10.3 1.75
IST-2* d 0.55 33+3 —10.85+ 0.08 —10.2 0.64
IST-2® f 0.55 28+ 1 —10.74+ 0.08 —10.3 0.44
IST-20 9 0.60 39+ 8 —10.83+ 0.19 —-10.1 0.74
WAY-207890 n 0.90 8+ 4 —2.75+ 0.04 —11.0 —8.20
WAY208698 n 0.91 4+ 2 —0.72+0.02 -10.1 —9.35
WAY-207890 n 0.40 275+ 82 —4.67+ 0.26 —8.95 —4.28

a25 °C. b Titration cell: caspase-3.Titration cell: caspase-IST-1 complekAssay buffer, 1 mM Cyst Assay buffer, 2 mM DTT! Assay
buffer minus sucrose, 5 mM Cy$PBS, 5 mM Cys! Assay buffer, 5 mM Cys.

A Time (min) B Time (min) C Time (min) D Time (min)
0 10 20 30 40 50 60 7O BO 9D 100110 D 100, S0h 0 0 .00
0.05 i - T o T — 0 10 20 30 40 S0 60 To &0
] . VYT 000 4p AR
il .|r,| v M Ti 'J: | ']; Iy HIIEH RS
T i Hit sl
aos-{ | IHH{11} ! 1 (! g i
T T E- 1L
" 010 [l |I||' _l!||||_| g ot Bl
] }|'| H
P I _ _ 015
[} .._...---o.ll T
o .-- - g a4 = gpesstssSgsgfeaseg, E 2 - 1 g o .--...-......ul ------- .'If
" i z -4 = =}
£ = @
s s - & £ - 1
o @2 o K] g
2 . g - 2 Al WAY-207890 |
¥ ;| 5 Bt | s .
= PEP 1 g WAY 207890 E ] .l IST_1 1'; 4 : |ST'1
| 8 : oy : ; ! . E 2 £ 2 | "sasg®ess E
oo 05 10 15 20 oo 05 10 15 20 T T T ¥
Molar Ratio Molar Ratio il i ‘_0 i “o0  os 1o 15 20 25
Molar Ratio R
Molar Ratio

Ficure 5: Typical ITC curves of caspase-3 and PEP-1 (A), WAY-207890 (B), or IST-1 (C), and the WAY-208698 titration of the IST-
1-caspase complex (D). The cell contained:\d caspase-3 heterodimer in the assay buffer with 1 mM cysteine and 0.5% DMSO. The
syringe contained 158M inhibitor solution in the same buffer. Thirty-four injections ofu volume were made at 200 s intervals. Top
panels: the raw power traces after baseline correction. Bottom panels: Bjaadtdr peak integration, blank titration substraction, and
concentration normalization. The solid line is the least-squares fit of the data to a single binding site model.

DISCUSSION isatin binding to caspase-3 was consistent with half-site
L i occupancy. To determine whether the stoichiometry of

The central role of caspases in diseases mediated by nctional inhibition correlated with the binding stoichiom-
apopt05|s_ ha}s' resulted in much effort to develop s_maII etry, active-site titrations were performed. Caspase-3 was
molecule inhibitors of these proteases for therapeutic inter- preincubated with the compound and the residual enzyme

vention. '_I'hqu_gh the mechanism of inhibition and numerous activity monitored. These experiments confirmed that the
caspaseinhibitor structures have been reported, there have _. "~ L L
stoichiometry of inhibition of caspase-3 by all inhibitors was

been few reports characterizing the thermodynamics and . . L
stoichiometry of inhibitor binding in solution. In the majority the same as the st0|ch|omgtry of ligand b'nd.mg'. The
of inhibitor—caspase-3 structures reported to date, both activeOPservation that the active sites of the caspasesgalm .
sites of the homodimer have been occupied with covalent strucj[ure. were fully occupied in the cryste_xl struct_ure |mpI|gd
bond formation between the active site cysteine and inhibitor hat isatin bound to caspase-3 homodimer with negative
carbony! to yield a symmetric structure. The aim of this study COOperativity. Titration calorimetry placed a lower limit on
was to obtain additional information about (1) the stoichi- the affinity on the basis of the protein concentration used in
ometry of both inhibition and binding and (2) the physical the titration K4> > 154M). A UV titration experiment was
nature and thermodynamics of inhibitor interactions to assist Performed to obtain additional information about the affinity
inhibitor design. of the second site for isatin by taking advantage of the
The stoichiometry of inhibitor interaction with caspase-3 disappearance of the isatin 410 nm absorbance upon thio-
was characterized in this study by a number of different hemiketal bond formation. The stoichiometry of the caspase-
biophysical and biochemical techniques including ITC and 3—IST-1 complex at high isatin concentration is consistent
active-site titration to correlate ligand binding with functional With the X-ray crystallographic result. On the basis of the
inhibition. On the basis of reported crystallographic results lower limit of affinity for the second site from the ITC
with peptide-aldehyde and isatin complexes, 1:1 stoichi- experiments, isatin binding at the first active site results in
ometry of binding to the active site was expected. Initial a greater than 500-fold loss of potency at the second active
results from ITC experiments indicated that the stoichiometry site of the homodimer. The reduced potency of the inhibitors
for peptide inhibitor binding was 1:1 as expected. However, in the ITC and fluorescence binding experiments relative to
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FiGure 6: UV spectroscopic titration of caspase-3 with IST-1
obtained at 410 nm in assay buffer containing 1 mM cysteine at
22 °C. (A) UV spectra of 6QuM caspase-3 preincubated with 39
uM IST-1 (@) or 78 uM IST-1 (O). The control spectrum of 50
uM IST-1 in buffer is also presented). (B) Titration of 60uM
caspase-3 heterodimer with IST-1. Aliquots of IST-1 were added
stepwise to caspase-BIY or buffer @) solution at room temper-
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was observed upon inhibitor binding. In our study, a similar
extent of Trp fluorescence quenching was observed for all
classes of inhibitors, which indicated that the quenching was
likely not due to compound interference or the polarity of
the inhibitor (Ac-DEVD-CHO vs PEP-1) but reflected
ligand-induced conformational changes in the Trp environ-
ment. We speculate that ligand-induced rearrangement of
loops L1-L4 surrounding the active site perturb Trp
fluorescence through local changes in water structure and
changes in proximity of the Trp side chains to the active
site C170, a potential quenchet8]. Attempts were made

to characterize the conformational change by circular dichro-
ism but were not successful because of the presence of the
reducing agent.

To further characterize the changes induced in the second
active site of the caspase-3 homodimer upon isatin binding,
we performed a titration calorimetry experiment with the
isatin—caspase-3 complex to obtain a thermodynamic char-
acterization of the second active site. The pyrimidoindolone
WAY-207890 inhibitor was titrated into the isatittaspase-3
complex, and stoichiometric binding to the second active site
was observed. Competition of the pyrimidoindolone for
bound isatin was ruled out, as the predicted net heat released
upon binding would be endothermi2g). The WAY-207890
affinity for the unoccupied active site was decreased ap-
proximately 34-fold relative to the affinity obtained from
the caspase-3-WAY-207890 titration. WAY-207890 binding
to the isatin complex was also more enthalpic, consistent
with isatin-induced conformational changes in the unoccupied
active site. This result was rather unexpected because the
active sites in the homodimer are significantly far apart and
opposed in the homodimer structure. However, large con-
formational changes are observed in the crystal structure of
the caspase-7 allosteric inhibitor that binds at the homodimer
interface and distorts both active sites, resulting in the loss
of substrate binding and catalysisf. Thus, conformational
changes induced in a caspase active site and/or loop(s) are
readily transmitted to other domains of the protein.

Though the affinities of the isatin and pyrmidoindolone
inhibitors listed in Tables 2 and 3 are similar, the magnitude

ature, and the absorbance at 410 nm was recorded after the signa®nd proportion of enthalpy contributions to binding affinity

maintained a constant value, typically 5 min. The dashed line
corresponds to the expected signal for half-site reactivity.

the steady-statl; derived from inhibition kinetics may be
attributed to the binding experiments monitoring an initial
binding event.

Consistent with a conformational change induced upon
isatin binding are the results from the fluorescence binding

are significantly different (Table 3). Especially interesting
is the significant thermodynamic profile difference between
the structurally similar isatin and pyrimidoindolone ana-
logues, implying a different mode of binding. However, no
significant differences were observed upon comparison of
the crystal structures of the isatin and Pl complexes in which
the inhibitor occupies both active sites (data not shown). The
reproducibility of the isatin thermodynamic profile in dif-

experiments. Caspase-3 contains two Trp residues in theferent buffers eliminated the possibility of the contribution

active site that are base-stacked in crystal structures ofof proton-transfer reactions to the isatin binding enthalpy.
caspase-3 complexes. Though base-stacking of the TrpNo change in association state upon ligand binding was
residues was observed in the unoccupied active site of aobserved in sedimentation velocity experiments (data not
partially occupied complex of caspase-9 with peptide inhibi- shown), which ruled out energetic contributions from caspase-3
tor (26), conformational changes are observed in the active association or dissociation. As noted previously by Lee et
site and surrounding loop regions of apo and bound caspase-al. (19) and in our experiments, isatins rapidly reacted with
(12). Significant Trp quenching is observed upon inhibitor caspase-3 to form the thiohemiketal. Upon addition of isatin
binding, consistent with a change in water structure and/or to caspase-3, isatin absorbance at 410 nm disappeared within
a conformational change. The extent of quenching observedl min, consistent with rapid thiohemiketal formation. Thus,
in this study is in contrast to the results reported for the the heat of thiohemiketal formation would contribute to the
interaction of the irreversible inhibitor Z-VAD-FMK with ~ observed enthalpy during the time of isatin injection and the
procaspase-2(), where little Trp fluorescence quenching delay period between injections in the ITC experiments. A
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comparison of the energetics of the bonds broker@QC
+85.5 kcal/mol; S-H, 81 kcal/mol) with the bonds formed
(C-S, 65.0 kcal/mol; G-H, 111.0, kcal/mol) indicates that

Aulabaugh et al.

in intrinsic Trp fluorescence (Figure 3). This material is
available free of charge via the Internet at http://pubs.acs.org.

the net process of thiohemiketal formation would be exo- REFERENCES

thermic with approximately 11 kcal/mol liberated upon
covalent bond formation. Though the pyrimdoindolones react
more slowly with cysteine to form the thiohemiketal (as
measured by changes in the UV spectrum at 450 nm), a
similar heat of reaction would be expected to contribute to
the enthalpy of pyrimidoindolone binding to caspase-3.
However, the slow heat release from chemical reaction may
be masked as a baseline drift during the course of the PI
titration. Significantly less heat is observed with WAY-
207890 binding relative to the isatins, and favorable entropic
contributions are observed. The favorable entropy observed
upon the binding of pyrimidoindolones or peptidomimetics
is consistent with increased van der Waals interactions that
would arise from the release of water molecules from the
binding interface. The contributions to the enthalpy of isatin
binding to caspase-3 are more complex. Fluorescence
guenching experiments, the titration calorimetry experiment
of the isatin-caspase-3 complex with pyrimidoindolone, and
the negative cooperativity of isatin binding clearly indicate
that conformational changes in the unoccupied binding site
have occurred. The negative entropy observed upon isatin
binding is consistent with conformational reorganization and
loss of configurational entropy in caspase3B)( Thus, the
observed heat released in isatin titration would be the sum
of the contributions from binding, conformational change,
and thiohemiketal formation.

In summary, though numerous caspas#ibitor struc-
tures and mechanism of inhibition studies have been
performed, not much information has been reported about
the stoichiometry of inhibition and thermodynamics of
inhibitor binding that would aid inhibitor design. A structure-
based approach to target the active site cysteine with
compounds containing a reactive electrophilic center is the
main strategy used to design potent caspase inhibi@ts (
10). Though only caspase-3 complexes with both active sites
occupied by inhibitor have been reported, our studies
demonstrate that occupancy at one site can result in a
conformational change and inhibition of the enzyme activity
concomitant with reduced affinity for the second active site.
Information about the conformation of the asymmetric
complex is likely lost in structural studies because of the
high concentration of protein and the excess quantity of
inhibitor present resulting in the formation of the symmetric
complex. Exactly what causes the conformational change to
form the asymmetric isatincaspase-3 complex is an open
question, and additional studies are required to answer it.
Our study further indicates that though two chemical series
may appear structurally similar both in solution and com-
plexed to protein, significant differences exist in the mode
of binding of the different ligands that are not readily
apparent in the crystal structures but can be readily distin-
guished by biochemical and biophysical methods.
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