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In this paper, we report a simple structure-based iterative optimizations (SUBITO) strategy
to identify and optimize new protein ligands and inhibitors. The approach is based on a
combination of NMR-based screening and computational docking methods and enabled the
identification of novel chemical leads among hundreds of thousands of commercially available
compounds by screening only a few hundred compounds from a scaffold library followed by
iterative screening steps where only few dozen compounds are tested. As an application, we
report on the discovery of a novel class of non-peptide reversible caspase inhibitors, with IC50
values in the low micromolar range.

Introduction
The rapid identification of initial hit compounds

against a given protein target is a first, crucial step in
a drug discovery program. The current most common
strategy makes use of high-throughput screening and
automation. When the three-dimensional structure of
the target protein is known, it is also possible to perform
virtual docking up to millions of compounds and to select
those that exhibit the best fit to be tested experimen-
tally. Alternative routes to these approaches are the
NMR-based strategies in which an initial weak binder
is found among a small library of scaffolds and subse-
quently optimized either by the derivation of focused
libraries or by linking two weak binders together.1,2 The
latter approach can also be aided by the use of X-ray
crystallography.3 While each strategy has proven quite
effective in several cases, we sought here to develop a
simple strategy that combines the advantages of NMR-
based screening methods with virtual docking tech-
niques. As a test example we selected caspases, a family
of highly homologous cysteine proteases that specifically
cleave their substrates at an aspartic acid residue. A
common feature of all the caspases is the presence of a
catalytic diad constituted by a nucleophilic cysteine and
a histidine imidazole ring. Caspases are accumulated
in the cell as inactive proenzymes (zymogens) and
become fully functional only upon proteolytic cleavage
at specific sites.4,5 To date, at least 14 human caspase
members have been identified. On the basis of their
sequence homology, substrate specificity, and structural
similarities, the caspases can be divided in two major
subfamilies. Those related to ICE (interleukin-â-con-
verting enzyme), caspase-1, -4, -5, and -13, are involved
in inflammation (cytokine maturation). The second
subfamily is comprised by caspases mediating pro-
grammed cell death (apoptosis).6 In apoptosis, activation
takes place in the form of a cascade, in which effector
caspases (such as caspases-3, -6, and -7) are cleaved by
initiator caspases (such as caspase-2 and -8-10). Initia-
tor caspases are activated in response to a proapoptotic

signals, and effector caspases are involved in the final
stages of cell disassembly. Altered regulation of apop-
tosis is implicated in many human malignancies; in
particular, enhanced levels of apoptosis are observed in
many acute and chronic conditions, such as myocardial
infarction, stroke, sepsis, traumatic brain injury, liver
failure, spinal cord injury, Alzheimer ’s disease, Hun-
tington ’s disease, and Parkinson ’s disease.7 Therefore,
reduction of the apoptotic response may be of therapeu-
tic benefit. Potent peptide inhibitors have been exten-
sively used to validate the role of caspases in many
diseases, but they are only moderately selective and
possess poor cell permeability; moreover, converting
peptides into drugs can be difficult. The use of nonpep-
tidic small-molecule inhibitors has been reported in a
few cases.8-12 In this paper, we show that by combining
experimental NMR techniques and computational meth-
ods we were able to derive a novel class of non-peptide,
reversible caspase inhibitors with a relatively small
effort.

Results
Keeping in mind “drug-like-ness” criteria, such as

molecular weight, solubility, number of rotatable bonds,
and hydrogen-bond donors and acceptors, as well as
availability of several hundreds of analogues, we have
assembled a small but diverse library containing 300
compounds representing the most common scaffolds
frequently found in drugs.13,14 About each of the chemi-
cal moieties of our library is representative of a family
of hundreds of analogues, having similar chemical
properties. Each family of chemical analogues may
share with other families some little chemical subspace.
The screening of such a representative and small library
is expected to result in only few weak inhibitors (mil-
limolar to high micromolar range). As the detection of
weak inhibitors is usually difficult to attain with
conventional spectrophometric assays,15 we made use
of NMR-based assays, which are well-suited for the
identification of weak binders. In particular, for the
screening of caspase inhibitors, we exploited a simple
NMR-based enzymatic assay based on 19F NMR spec-
troscopy, which allows the unambiguous detection of
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even millimolar enzyme inhibitors. In this assay,
caspase-8 (caspase-3 and caspase-7) mediated cleavage
of the tetrapeptide IETD-AFC (DEVD-AFC) was fol-
lowed by 19F NMR, exploiting the difference in chemical
shift of the trifluoromethyl substituent on the coumarin
moiety after hydrolysis (Figure 1A). A similar approach
was recently reported for the detection of kinases and
phosphatases kinetics by 19F NMR.16 We first focused
our attention on caspase-8 and were able to screen our
library by using this method. The results of the screen-
ing indicated that a benzodioxane derivative compound
(BI-7E7) is able to inhibit IETD-AFC cleavage by
caspase-8 with an IC50 in the micromolar range. This
scaffold appears particularly interesting due to its ready
availability and shape characteristics, and it has been
found in other inhibitors (e.g. ref 39). The Lineweaver-
Burk analysis (Figure 1B) showed that the Km of the
caspase-8 enzymatic reaction under these conditions is
30 ( 5 µM and the Ki of BI-7E7 is 30 ( 5 µM,
furthermore indicating that the BI-7E7 competes re-
versibly with the substrate. The binding of BI-7E7 to
caspase-8 was also confirmed by a WaterLOGSY experi-
ment,17 in which after the adding of 5 µM caspase-8 a
strong decrease of the 100 µM BI-7E7 1H NMR spectrum
after water presaturation could be observed (Figure 1C).
Therefore, by screening our scaffold library a potential
relatively weak hit compound was identified. The most
logical subsequent step to improve the inhibitory prop-
erties of this scaffold would consist of the selection and
testing of all the 500 possible analogues that are
commercially available (ChemNavigator, San Diego, CA;
Asinex, Moscow, Russia; Maybridge, Cornwall, U.K.;
Chembridge, San Diego, CA, etc.). While this route is
certainly possible, it is neither rapid nor inexpensive.
However, given the availability of the three-dimensional
structure of the enzyme, it should be possible to select

among the available derivatives only those compounds
that are most likely to exhibit improved affinity for the
enzyme. To this end, we have used FlexX (Sybyl,
TRIPOS)18 and GOLD19 to dock the compound BI-7E7
in the catalytic pocket of caspase-8. As a test, we
included all the compounds present in our scaffold
library. The result of this computational analysis con-
firmed that BI-7E7 ranked first, according to several
different scoring functions (CSCORE, ref 20) among all
the compounds and nicely fits into the caspase-8 cata-
lytic pocket (Figure 2C). On the basis of these results,
we subsequently performed a docking analysis of 500
BI-7E7 analogues that are commercially available.
Because of the nice fit of the benzodioxane moiety in
the “aspartic acid hole” of caspase-8, a structural feature
conserved in most caspases, we first focused on com-
pounds containing this moiety with different derivati-
zations on the thiazole ring. Initially, we selected the
10 derivatives that are listed in Table 1 that have been
tested for caspase-8, -7, and -3 inhibition, with the
hypothesis that different substitutions on the thiazole
ring would confer improved affinity and selectivity for
each enzyme. In this phase of inhibitor optimization,
classical fluorescence enzymatic assays have been pre-
ferred to the NMR assays. In Table 1, the results of the
fluorescence assays are reported for each of the caspases
tested; one of the analogues, BI-9B12, is 10-fold more
active than the BI-7E7 against caspase-8. The result
revealed that BI-9B12 can also inhibit caspase-3 and
-7 enzymatic activities, with slightly higher Ki values;
a similar behavior is observed for BI-7E7, while BI-9C4
and BI-9C1 show some selectivity for caspase-3 and -8,
respectively.

Docking studies with GOLD19 and the available three-
dimensional structures of caspase-8, -3, and -721-23

reveal a similar binding mode of the benzodioxane

Figure 1. (A) 19F NMR spectra of the caspase-8-mediated cleavage of IETD-AFC, quenched after 12 min upon Z-VAD addition,
without inhibitor (above) and in the presence of 200 µM BI-7E7 (below). The assignments of the two trifluoromethyl groups are
indicated. (B) Lineweaver-Burk plot of IETD-AFC (10, 20 60, and 100 µM) enzymatic cleavage by caspase-8 (50 nM) in the
absence (below) and presence of 100 µM BI-7E7. The reaction velocity is given in nanomoles/second. (C) Comparison of 1H spectrum
of BI-7E7 (100 µM) without (red) and with (blue) water presaturation, in the presence of 4 µM C285A catalytic caspase-8 mutant.
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moiety in the “aspartate hole” of each enzyme. However,
given the symmetric nature of such a moiety, the
remainder of the molecule can assume two possible
orientations (Figure 2A-I). In particular, while in BI-
7E7 the ester group points toward the subpocket oc-
cupied by the amino acid in position 1 in the natural
substrate (also called S4 subpocket) (Figure 2C,F),
compound BI-9B12 appears to be flipped toward an
additional subpocket in caspase-3 and -8 (Figure 2G,I).
To further validate these models, we evaluated the
binding energies of each docked structure and correlated
them to the experimental inhibition data. We focused
on caspase-3, for which all compounds but BI-9C1 gave
measurable IC50 values. By using compounds BI-9B12,
BI-7E7, and BI-9C3, we have derived binding energy
scoring function coefficients similar to what was recently
proposed (Fresno).24 We subsequently used them to
calculate the binding energies of the remaining com-
pounds according to the equation ∆Ebind ) R(HB) + â-
(Lipo) + γ(Rot), where R, â, and γ are the coefficient
and HB, Lipo, and Rot values represent the external
hydrogen bonding score, the external van der Waals
energy, and the internal van der Waals term, respec-
tively, calculated by using GOLD (see also Table S1 in
Supporting Information). The data reported in Table 2
clearly demonstrate the good correlation between the
predicted and the experimental values, further validat-
ing our models (see also Supporting Information).

A good correlation is therefore found between the
docked structures of the derivatives shown in Table 2,
all derivatized on the thiazolidinyl ring, with the
experimental IC50 values. However, in absence of ex-
perimental structural data, it is still possible, though
unlikely, that the compounds would bind to a different
allosteric site40 and that the correlation observed with

our models could be just coincidental, especially because
of some conformational mobility of caspases’ binding
pockets.44 While a definitive answer to this question can
only be obtained by determining the structure of the
complex by X-ray crystallography, we could attempt
here to study additional analogues, particularly those
with substitutions of the benzodioxane moiety. If the
binding mode of the benzodioxane is correct (or close to
reality) one would expect that related compounds bear-
ing structural similarities with this moiety should retain
some inhibitory activity. For example, we could find a
related series of compounds in which the benzodioxane
ring is replaced by a coumarin ring. The IC50 data
obtained with some of such derivatives, measured by
using the NMR-based assay, are reported in Table 3.
As can be seen, the compounds are still able to inhibit
caspase-3, though at higher concentrations. In addition,
in the same series it can be noted that compounds with
substitutions on the benzene ring, that are predicted
not to fit as well in the “Asp-hole”, show a further
increase in IC50 values (Table 3). We are confident that
these additional data corroborate even further our
working hypotheses.

As in all lead discovery approaches, it is always
possible that compounds inhibit a particular enzyme
simply due to nonspecific interactions with either the
peptide substrate or the protein itself. While the NMR-
based assays ensured that problems of interactions
between compounds and peptide can be excluded, it is
still possible that the compounds interact in a nonspe-
cific manner with the proteins. While the data obtained
and the correlation with the docking models and the
NMR-based binding assays seem to suggest that this is
not the case, it is still imperative that additional
experiments are conducted to eliminate the possibility

Figure 2. Docking studies with compounds BI-7E7 and the three-dimensional structures of caspases-3, -7, and -8 (panels A, B,
and C). The superposition of BI-7E7 with the peptides taken from their respective X-ray structures is also shown in panels D, E,
and F for the three caspases. Panels G, H, and I report the docked structure of BI-9B12 in the binding pockets of caspases-3, -7,
and -8, respectively.
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of artifacts. To this end, a simple test to ensure that
the compounds inhibit in a stoichiometric fashion is to
measure the IC50 values of a given compound at differ-
ent protein concentrations.41,42 Accordingly, we per-
formed an additional experiment in which IC50 value

for compound BI-9B12 was measured at two different
concentrations of caspase-3 (25 and 250 nM). In agree-
ment with our other data, we did not detect an ap-
preciable change in IC50 values when the concentration
was increased 10-fold, thus suggesting a specific inter-
action.41,42 In addition, we have also tested the ability
of BI-9B12 to inhibit a metalloprotease (LF) under
investigation in our laboratory.43 When tested at con-

Table 1. Inhibition Activities against Caspase-8, -3, and -7 of BI-7E7 and Its Ten Selected Analogues as Calculated with
Fluorometric Assays

a Ki values were calculated through Lineweaver-Burk analysis, which indicated the presence of a competitive inhibition.

Table 2. Binding Energies and Predicted IC50 Values for
Caspase-3

name
expl
IC50

calcd
∆Ebind

a
predb

IC50

BI-9B12* 8.6 ( 1.0 29.09 8.6
BI-7E7* 40 ( 8 25.26 40
BI-9C8 133 ( 15 24.67 50.54
BI-9C3* 40 ( 8 25.26 40
BI-9B11 55 ( 10 25.57 35.28
BI-9C1 >200 13.36 4720.6
BI-9C7 129 ( 15 22.56 118.06
BI-9C4 74 ( 12 26.29 26.48
BI-9C5 82 ( 13 23.07 96.01
BI-9C2 150 ( 15 22.43 124.18
BI-9C6 128 ( 15 24.75 49
a Modified Fresno equation: BE ) 33.614 - 1.273(HB) -

0.199(Lipo) + 1.975(Rot). The asterisk (*) indicates the inhibitors
that were used to derive constants. b Predicted IC50 values calcu-
lated using ∆Ebind ) -RT ln(Ki). The correlation coefficient
between experimental and calculated IC50 values is 0.72.

Table 3. IC50 Values Measured against Caspase-3 (NMR) for a
Related Series of Compounds

compd R1 R2 IC50 (µM)

BI-9C9 H p-COOC2H5 30
BI-9C10 6-NO2 p-COOC2H5 >100
BI-9C11 H o,p-OCH3 30
BI-9C12 6-NO2 p-OCH3 >1000
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centrations up to 20 µM, compound BI-9B12 did not
exhibit appreciable inhibition of LF both in a NMR-
based assay and in a fluorescence-quenched assay, again
suggesting a specific interaction with caspases.

Finally, to evaluate the ability of BI-9B12 to inhibit
the cellular caspase-8 enzymatic activity, an in vitro
assay of the caspase-8-mediated cleavage of the pro-
apoptotic protein BID, which is the natural substrate
of caspase-8,25 was utilized. As is clearly shown in
Figure 3, BI-9B12 inhibits BID cleavage by caspase-8
with an IC50 that is comparable with that obtained by
the fluorescence assays, carried out with the IETD-AFC
tetrapeptide as substrate.

Discussion

The interest of caspases as drug targets has encour-
aged a great deal of effort to find potent and selective
inhibitors with pharmaceutically acceptable properties.
Over the past decade, a family of peptide caspase
inhibitors has been developed, and proof of concept data
have been obtained in several animal models that show
substantial protection in rodent models of stroke, myo-
cardial infarction, hepatic injury, sepsis, amyotrophic
lateral sclerosis (ALS), and several other diseases.
However, the presence of electrophilic groups in those
caspase inhibitors is an obstacle in the development of
clinically safe drugs, since they are susceptible to
reactions in vivo such as Schiff base formation or
nonspecific reaction with cysteine. Very few cases of
non-peptide caspase inhibitors have been described in
the literature so far;8-12 in particular, potent non-
peptide caspase-3 and -7 inhibitors have been recently
reported to inhibit apoptosis in three cell-based mod-
els.8,9 The extended tethering strategy allowed the
finding of new aspartyl derivatives that inhibit caspase-3
activities in vitro and in vivo assays,11 and an HTS
study led to the definition of a caspase-8 inhibitor in
the low micromolar range.12

In such a contest, the series shown in Tables 1 and 3
represents a new class of caspase inhibitors that are
based on neither irreversible inhibition of the enzyme
nor on aspartyl derivatives, where the compound BI-
9B12 proved to inhibit in vitro the natural enzymatic

activity of caspase-8, i.e., the cleavage of the proapototic
protein BID, suggesting its potential use as in vivo
marker of caspase activity.

This novel class of reversible caspase inhibitors has
been derived through a structure-based iterative opti-
mization approach. Our simple approach is based on the
sensitivity of NMR assays to monitor enzyme inhibition
and ligand binding to select initial weak hits from a
scaffold library. Subsequently, taking advantage of
virtual docking, only a subset of the possible analogues
is selected and tested either by NMR or by a traditional
flourimetric assay. The advantage of such an approach,
which we named SUBITO (for structure-based iterative
optimizations approach), is that it enables the identi-
fication of novel hit compounds among hundreds of
thousands of commercially available compounds without
relying on costly high-throughput screening techniques.
In fact, the procedure includes an initial screening of
only a few hundred compounds from a scaffold library
followed by iterative screening steps where only few
dozen compounds are screened, at the most. The clear
advantage of such a strategy resides not only in the
reduced number of compounds to be purchased and
tested but also in the fact that intrinsic structural
information on mode of binding can be obtained. In fact,
if the docking strategy does lead to compounds with
improved affinity or, in other words, if there is a general
agreement between the computed ranking and the
experimental inhibition constants, there is also a good
reason to believe that the structural models obtained
are quite close to reality. Hence, when the route of
commercially available compounds is exhausted, the
docked structures can then be used to guide medicinal
chemistry on the most potent compounds. Without any
doubts, the greatest advantage of this strategy is that
the process is inexpensive and very fast, hence the name
SUBITO, the Italian translation of the expression “right
now!”.

The caspase-8 inhibition activity of the BI-7E7 family
of analogues is clearly dictated by the benzodioxane
moiety that precisely fits into the enzyme catalytic
pocket, which hosts the aspartate residue during the
reaction (S1 pocket26) (Figures 2 and 3). The aromatic
ring of the benzodioxane moiety can form a cation-π
interaction with two arginine residues26 which are
located in S1 pocket and are appointed to interact with
the substrate aspartate residue during the enzymatic
cleavage. The cation-π effect arises from favorable
electrostatic interactions between the electron-rich π
system of an aromatic molecule and a positively charged
species such as a metal ion or quaternary amine.27,28

Interactions between aromatic amino acid residues and
positively charged side chains, attributed to the cat-
ion-π effect, are commonly observed in proteins29,30 and
also appear to be important in the binding of positively
charged substrates in enzymes.31 In our case, an op-
posite situation is observed, where an electron-rich π
system of the benzodioxane aromatic ring is able to fit
precisely into a catalytic cavity and make a cation-π
interaction with the positively charged side chain of the
enzyme. The aptitude to bend the dioxane ring appears
to have a crucial role in orienting the aromatic ring to
reach the S1 pocket correctly and at the same time in
allowing the other part of the molecule to occupy

Figure 3. BID cleavage by caspase-8 monitored via SDS-
PAGE. Panel A shows the progress of the reaction and
inhibition by zVAD. The first numbered lanes represent BID
in the absence (lane 1) and presence of caspase-8 (lane 2) and
in the presence of caspase-8 and zVAD (lane 3). Panel B shows
the progress of the reaction at 5, 15, and 30 min in the absence
(lanes 1-3) and presence (lanes 4-6) of BI-9B12 (10 µM). As
is particularly evident at 15 and 30 min time points, BI-9B12
has a significant impact on the rate of the cleavage reaction.
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adjacent pockets. While the “aspartic hole” is extremely
well conserved in nature, these adjacent pockets exhibit
some differences and could be further exploited to
improve affinity and selectivity. Although not spectacu-
lar, some selectivity could be observed for the com-
pounds in Table 1. Appropriate further chemical modi-
fications of this class of compounds (based on the models
of the docked structure) could result in novel derivatives
with increased caspase inhibition activity and selectiv-
ity. Such compounds would result in very useful chemi-
cal tools in deciphering the complex role of each caspase
in the cell and could be translated in potential thera-
peutic compounds for those human diseases that are
attributable to caspase-dependent uncontrolled cell
death.

Conclusion

We have proposed a simple structure-based iterative
optimizations (SUBITO) strategy to identify and opti-
mize new protein ligands and inhibitors. The SUBITO
approach, which is based on a combination of experi-
mental, NMR-based screening, and computational dock-
ing methods, enables the identification of novel chemical
leads among hundreds of thousands of commercially
available compounds by screening only a few hundred
compounds from a scaffold library followed by iterative
screening steps where only few dozen additional com-
pounds are purchased and evaluated. As a test, we have
applied this approach to derive novel non-peptide
reversible caspase inhibitors that have been shown to
inhibit the BID cleavage by caspase-8 in vitro, with IC50
values in the low micromolar range. The docked struc-
tures of these initial hit compounds should facilitate
their further conversion into more potent and selective
inhibitors, that may provide novel insights in the role
of caspases in apoptosis and could possibly represent
potential therapeutic agents.

Experimental Section

Materials. Active caspase-3, -7, and -8 were expressed in
Escherichia coli and isolated in the full active form as
previously described.32 The active concentrations of each
purified enzymes were determined by titration using benzyl-
ocarbonyl-Val-Ala-DL-Asp-fluoromethyl ketone (Z-VAD-FMK).32

Z-VAD-FMK was purchased from Enzyme System Products
(Livermore, CA), acetyl-Ile-Glu-Thr-Asp-7-amino-4-trifluoro-
methyl coumarin (Ac-IETD-AFC) and acetyl-Asp-Glu-Val-Asp-
7-amino-4-trifluoromethyl coumarin (Ac-DEVD-AFC) were
purchased from Biosource International, Inc. (Camarillo, CA).
Compounds BI-7E7, BI-9B11, BI-9B12, BI9-C1, BI-9C2, BI-
9C3, BI-9C4, BI-9C5, BI-9C6, BI-9C7, and BI-9C8 were
purchased from Maybridge (Cornwall, U.K). Elements of the
scaffold library were selected on the basis of the work of Bemis
and Murko.13,14 Other criteria includes MW < 300; number of
hydrogen-bond donor and acceptors < 5; number or rotatable
bonds between 0 and 2; and calculated partition coefficient
octanol/water, clogP < 2. Generally, for each scaffold selected
several hundred analogues were commercially available. We
used the compounds collections listed in Chemnavigator
(www.chemnavigator.com) and used the software Chemfinder
(Cambridge) for 2D compound substructure and similarity
searches.

Enzyme Inhibition Assays. NMR and fluorescent enzy-
matic assays were run in 500 and 100 µL volumes of buffer
solutions, respectively, and contained the following: 40 µM
Ac-IETD-AFC (Ac-DEVD-AFC), 25-50 nM caspase-8 (caspase-3
or -7), 10 mM phosphate buffer (pH 7.5), and 10 mM NaCl.
For the estimation of Ki (see below), different concentrations

of substrate have been used under the same experimental
conditions. All the inhibitors that were tested were dissolved
and diluted in DMSO-d6 prior to addition to assay mixture;
the final concentration of DMSO was always less than 5%.

The enzymatic reactions followed by NMR were performed
at room temperature in Eppendorf vials and then quenched
after a defined delay with the addition of Z-VAD-FMK. To
avoid unwanted interactions of the screened compounds with
the high concentrations of chemicals, which are generally used
to stabilize the catalytic activity of the caspases,9 we set up
simpler experimental conditions for the caspase enzymatic
reactions that allow the complete peptide cleavage to occur
with Km values in reasonable ranges (see Results). 19F NMR
spectra were run at 23 °C with a Bruker500 NMR spectrom-
eter, operating at a 19F Larmor frequency of 470 MHz using a
5 mm 19F probe. The data were acquired with proton decou-
pling, with an acquisition time of 0.8 s and a relaxation delay
of 1.5 s. The WaterLOGSY experiment17 was acquired using
the water irradiation scheme previously published33 and
adding to BI-7E7 (100 µM) the [Cys285Ala]caspase catalytic
mutant (4 µM), prepared as previously described.34 This
protein was used as it was available at higher concentrations
needed for the NMR-based binding assay.

Fluorescent assays were carried out in black 96-well flat-
bottom polystyrene plates. Caspase activity was monitored
using a Labsystem Fluoroskan II spectrofluorometer with an
excitation wavelength of 405 nm and an emission wavelength
of 505 nm. Kinetic data were collected over a 30-min assay
run at room temperature. Inhibition IC50 values were calcu-
lated as previously reported.26 Ki and Km values were calcu-
lated using the Lineweaver-Burk double reciprocal equa-
tion: 1/v ) (KmVmax)(1/[substrate]) + (1/Vmax).

IC50 values for compounds BI-9B12 where also measured
at two different concentrations of caspase-3 (25 nM and 250
nM).

LF inhibition assay was performed by preparing a 50 nM
solution of protein in 20 mM HEPES, pH 7.4, including 4 µM
labeled substrate MAPKKide and 20 µM of compound BI-9b12.
Kinetic measurements were carried out every minute for 30
min using a fluorescent plate reader (Finstruments Fluoroskan
II). Excitation and emission maxima were 485 and 590 nm,
respectively.

Molecular Modeling. Molecular models were built by
using Sybyl 6.9 (TRIPOS) and energy minimized by using the
routine MAXIMIN. Initial docking studies with the entire
scaffold library and BI-7E7 derivatives were performed with
FlexX18 as implemented in Sybyl 6.9 by using the three-
dimensional structure of caspase-8 in complex with a tetrapep-
tide IETD (PDB ID 1QTN). For each compound, 10 solutions
were generated and compounds were ranked according to
CSCORE,19 which included drug score,35 chemscore36 and Gold
score18 functions. Further studies on the 10 compounds
reported in Tables 1 and 2 were performed with Gold18 by
suing the three-dimensional structure of caspase-8, caspase-3
(PDB ID 1PAU) and caspase-7 (PDB ID 1FLJ). The docked
structures of compounds BI-7E7 and BI-9B12 are reported in
Figure 3 together their superposition with the peptide sub-
strates (IETD for caspase-8 and DEVD for caspases-3 and -7).
Surface representation of caspases was generated with MOL-
CAD37 and color-coded according to cavity dept (blue, shallow;
yellow, buried). Molecular modeling studies were conducted
on several R12000 SGI Octane workstations with the software
package Sybyl version 6.9 (TRIPOS) or on a Linux workstation
(for Gold calculations). The binding energies of the docked
compounds were correlated with the experimental inhibition
constants by using an empirical binding energy scoring func-
tion similar to what recently reported (by Fresno23). The
correlation between the observed and predicted inhibition
constants is reported in Figure S1 of the Supporting Informa-
tion.

Expression and Purification of Caspase-8 and BID.
Caspase-8 was expressed in E. coli. BL21(DE3) and purified
as previously described,31 and BID was expressed in E. coli.
BL21(DE3) as previously described.38 BID was purified using
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an Akta-Prime with a combination of Ni-affinity chromatog-
raphy using a 5 mL Hi-TRAP HP column, followed by cation
exchange chromatography using a Hi-Trap 16/10 SP FF
column (GE-Amersham Biosciences). BID was dialyzed into
PBS, pH 7.5, and concentrated to approximately 1 mM prior
to use.

In Vitro BID Cleavage Assays. Cleavage reactions were
carried out in a total volume of 400 µL in PBS, with shaking
at room temperature. Typical concentrations of the reaction
components were as follows: BID, 40 µM; caspase-8, 100 nM;
zVAD, 10 µM; BI-9B12, 1-25 µM; and BI-7E7, 150 µM.
Samples for SDS-PAGE were taken at 5, 15, and 30 min of
reaction time by adding an aliquot of each reaction directly to
SDS-PAGE sample buffer, followed immediately by vortexing,
flash freezing, and heating to 100 °C for approximately 20 min.
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