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Abstract: Zn2+ inhibits the action of several of the caspases and
thus may act as a regulator of apoptosis. Reversal of this
inhibition is one possible approach for the development of
apoptosis-based therapies. Few studies describe the molecular
details of the Zn2+–caspase interaction, the understanding of
which is essential for the success of any therapeutic strategies.
Enzyme kinetics and biophysical studies have shown that the
inhibition is of mixed type with prominent (ca. 60 % of
inhibition) uncompetitive characteristics and an IC50 of 0.8 mm

under the conditions used. Fluorescence-based techniques
confirmed that, during inhibition in the sub-micromolar
range, substrate binding remains unaffected. A new zinc
binding site composed of the catalytic histidine and a nearby
methionine residue, rather than the catalytic histidine and
cysteine dyad, is proposed based on the experimental obser-
vations. DFT models were used to demonstrate that the
proposed site could be the preferred inhibitory zinc binding
site.

Central to the process of apoptosis, an integral part of
cellular homeostasis in multicellular organisms, are the
cysteine-dependent aspartate-specific proteases (caspases).[1]

The endogenous metal ions Cu+/2+ and Zn2+ play important
roles in the apoptotic pathway (Figure 1).[2, 3] Zn2+ inhibits the
action of caspases-3, 6, 7, 8 and 9.[4] This fascinating aspect of
Zn2+ adds a dynamic regulatory role in cellular processes to its
well-defined catalytic and structural functions.[2, 5] The molec-
ular details of this inhibition, crucial for the development of
caspase-targeted therapies, are scarce. Discrete inhibitory
sites for caspase-9[4c] and caspase-6, determined by X-ray
crystallography, have been described.[6] The inhibitory sites of
caspases-3, 7 and 8 remain to be characterized. Based on
enzyme kinetics, biophysical studies, and DFT models, we
propose a zinc binding site specific to caspases-3 and 7 that
consists of the essential His of the catalytic dyad (His121 and
Cys163) and a nearby Met residue, rather than the cysteine
thiolate. More than one zinc inhibition site is present.

The catalytic dyad is suggested to be the common
inhibitory zinc binding site for all caspases.[4a,c,5b, 6] The
presence of only two strongly-binding protein residues differ-
entiates the inhibitory zinc sites from the more common 3-
and 4-coordinate sites associated with catalytic and structural
Zn2+, respectively. A formally “two-coordinate” binding site
may allow the dynamic reversibility required for a regulatory
role, but a weakly bound Zn2+ may not effectively compete
against the substrate at the active site. Hence, we performed
systematic enzyme kinetics to determine the details of the
Zn2+ inhibition of caspase-3. We used a minimal buffer to
avoid interference from reducing and chelating agents (see
the Supporting Information). A mixed-model equation pro-
vided the overall best fit for the Michaelis–Menten plot
(Figure 2a). Under the conditions used, the IC50 of Zn2+

towards caspase-3 is 0.8 mm. Considering possible Zn–Tris
interactions, the actual IC50 could be as low as 40 nm (Tris =

tris(hydroxymethyl)aminomethane in the buffer; see the
Supporting Information). In the 0.4 to 1.4 mm range, Vapp

max

decreases with increasing [Zn2+] (Figure 2b), thus indicating
a mechanism other than competitive inhibition. The complex-
ity involved in the inhibition can also be seen from the
Lineweaver–Burk plot, (Figure 2c). The Kapp

m value seemingly
decreases up to 1 mm [Zn2+] but increases above this concen-
tration. Although the change in Kapp

m is not large, this
reproducible trend indicates a sudden change in the mode
of inhibition. The initial decrease in Kapp

m , along with a steady
decrease in Vapp

max, resembles uncompetitive inhibition (Fig-
ure 2b). The initial higher value of Ki compared to Ki’ is also
supportive of uncompetitive inhibition, thus suggesting

Figure 1. The regulation of apoptosis by Cu2+ and Zn2+. Processes that
favor survival are shaded green, and those favoring apoptosis are
shaded red. Regulatory processes are shaded blue.
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unperturbed binding of the substrate to the active site in the
presence of Zn2+ (Figure 2d). With increasing [Zn2+], the Ki

value decreases and attains equality to Ki’, thus implying
a transition towards noncompetitive inhibition. From this
analysis, we suggest the existence of more than one zinc
binding site in caspase-3, an idea consistent with previous
reports.[6]

The changes in substrate binding affinity of caspase-3 in
the presence of Zn2+ were examined by fluorescence polar-
ization (FP) by using a fluorescently-labelled tetrapeptide
irreversible inhibitor (FITC-C6-DEVD-fmk) as a substrate
mimic. Substrate binding to the enzyme was not affected up to
1 mm Zn2+, after which the binding decreased significantly,
thus confirming the previous trends (Figure 3). The increase
in polarization seen at 5 and 10 mm Zn2+ may be due to
nonspecific interactions because the enzyme is totally inactive
at these higher concentrations.

The perturbation of caspase-3 as a result of substrate
binding can be monitored from changes in the fluorescence of
the two Trp residues close to the active site (Figure 4a).[7] The
addition of Zn2+ quenches the fluorescence of caspase-3 in
a concentration-dependent manner (Figure 4b). Up to 2 mm

of Zn2+, a small blue shift and a decrease in fluorescence
with band narrowing was observed. At 3 mm, however, a larger
blue shift accompanied a decrease in fluorescence with band
broadening. Above 3 mm, the band broadened further with
a small blue shift and intensity increase. Again, these results
indicate the existence of more than one zinc binding site with
different binding affinities. In the presence of the reversible
inhibitor Ac-DEVD-CHO and 1 mm Zn2+, caspase-3 fluores-
cence significantly decreased, a result that can be attributed to

additive quenching from
both inhibitors (Fig-
ure 4c, d). Above 1 mm,
the spectra were compa-
rable to those measured
in the absence of pep-
tide, thus implying that
most of the quenching is
due to Zn2+, a result that
confirms that reduced
substrate binding only
occurs at higher zinc
concentrations.

In summary, more
than 50% inhibition
occurs in the sub-micro-
molar range, but sub-
strate binding to cas-
pase-3 is not affected by
Zn2+ at these concentra-
tions. These experiments
suggest the existence of
more than one zinc bind-
ing site. From the fluo-
rescence studies, it is
evident that Zn2+ affects
the active site environ-

ment but does not induce any noticeable change in the
secondary structure of caspase-3, as confirmed by CD
spectroscopy (Figure S1 in the Supporting Information).

The proposed mechanism of caspase proteolysis involves
sequential steps of substrate recognition and binding at the
active site, followed by nucleophilic attack on the substrate
aspartate carbonyl by the catalytic thiolate, thereby leading to
a thioester intermediate. Histidine assists in hydrolyzing the
thioester, thereby leading to the product and closing the
catalytic cycle (Figure S2). Substrate binding at the active site

Figure 2. Kinetic analyses of caspase-3 inhibition for 0–1.4 mm Zn2+. a) Michaelis–Menten plot fitted using
a mixed inhibition model equation. b) Kinetic parameters obtained from the fitting of the Michaelis–Menten plot.
c) Lineweaver–Burk plot with linear fitting. d) Plot of Ki and Ki’ vs [Zn2+] .

Figure 3. The influence of Zn2+ on substrate binding to caspase-3,
monitored by using the fluorescence polarization resulting from the
fluorescein isothiocyanate (FITC)-tagged caspase-3 inhibitor FITC-C6-
DEVD-fmk. The inhibitor alone, without caspase-3, was also measured
as a control.
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results in steric constraints, which render the binding of Zn2+

to Cys163 unlikely. An alternative mechanism of inhibition
must therefore consider the effects of Zn2+ on the function of
His121. Investigation of the caspase-3 crystal structures shows
a potential Zn-binding ligand, Met61, in close proximity to
His121 (Figure S3). The Met residue is part of a hydrophobic
recess, formed along with Phe55 and Phe128, which harbors
His121. Any change in these residues affects the activity of
the enzyme (Figure S4).

Methionine is not a common ligand in zinc proteins but it
is confirmed to bind in Zn2+-substituted cytochrome c.[8]

Moreover, divalent S acts as a Zn2+ ligand in several model
compounds.[9] Accordingly, we performed DFT modeling of
potential zinc binding sites for the cystein–histadine catalytic
dyad (ZnCH) and for Met61 and His121 (ZnMH ; Fig-
ure 5a, b; see the Supporting Information for details). The
optimized geometries in both cases resemble a distorted
tetrahedron (Table S1 in the Supporting Information). The
ZnCH site was more distorted, with a Zn–S bond length (l) of
2.438 � and a S–Zn–N angle (]) of 126.68. Zinc bound to His
and two water molecules with l(Zn–N) of 1.963 �, and l(Zn–
O) of 2.053 � and 2.063 �. For the ZnMH site, l(Zn–S) and
l(Zn–N) were 2.307 and 1.946 �, respectively, and ]S–Zn–N
was 119.88. Moreover, the ZnMH site was 11.0 kcalmol�1

more stable than the ZnCH site. Notably, in the ZnCH site,
the length of Cb

�S bond of Cys163 is 1.872 �, which is longer
than normal. This might be an artifact resulting from fixing of
the positions of the hydrogens on the a-carbon atoms.
However, a longer C�S bond has been observed in a strained

system.[10] Reoptimization of the
ZnCH site with the hydrogens on the
a-carbon atoms of Cys163 released
resulted in a better geometry. Notably,
l(Zn–S) measured 2.385 �, the Cb

�S
bond of Cys163 was 1.841 � in length,
and the ]S–Zn–N was 119.28. Conse-
quently, the system was stabilized by
8.7 kcalmol�1 compared to the original
ZnCH site. This result suggests that
backbone rearrangement would be
needed for Zn2+ to bind tightly to the
catalytic dyad. Although backbone
movement occurs during metal coor-
dination in some proteins,[11] it may not
be favored in the case of the catalytic
Cys of active caspases because this
residue is locked in place by a cation–p

interaction between an Arg and a Tyr
residue and several H-bonding inter-
actions along the L2 loop (Figure S5).
Similarly, the catalytic His, which is
part of a b-turn, is also rigid. However,
the Met residue has a long side chain
and is part of the L1 loop, which is
comparatively flexible, so this residue
would offer the plasticity required for
metal binding (Figure S6). These con-
siderations, along with the observed
trends in energy and geometric param-

eters, leads us to conclude that the ZnMH site is favored over
the ZnCH site for zinc binding.

Considering the ZnMH site as inhibitory explains the
experimental observations. Firstly, zinc binding induces an
approximately 908 rotation around the Cb

�Cg bond of the His
residue, thereby flipping the imidazole ring away from the
substrate binding groove. This conformational change is
facilitated by the favorable s–p interaction between a zinc-
bound water molecule, the methyl group on Met61, and
Phe128. Consequently, the substrate binding groove expands.
This may increase the substrate binding affinity by reducing
steric hindrance as can be seen from the trends in the Kapp

m

values. Given that this site is distant from the Trp residues, the
fluorescence change of caspase-3 with Zn2+ may be due to
changes in the solvation environment. Mechanistically, since
His121 is no longer capable of acting as a general acid or base
in its zinc-bound state, the inhibition is more likely to occur at
the thioester intermediate stage (Figure S2) of the catalytic
cycle, in which the His residue plays a role. In light of these
rationales, the ZnMH site accounts for the observed uncom-
petitive-like inhibition of caspase-3.

Met61 is common to caspase-3 and caspase-7 (Met84) and
is partially conserved as Leu or Ile in all other caspases
(Figure S7). Given the high homology of caspase-7 to caspase-
3, zinc inhibition of caspase-7 may follow similar kinetics,
whereas caspases-6, 8 and 9 may differ as a result of the lack of
a coordinating ligand in the place of Met61. The similarities
and variability among caspases could be exploited to delin-
eate the inhibitory zinc sites by comparative studies under

Figure 4. Fluorescence spectra showing the intrinsic fluorescence of caspase-3 under various
conditions. a) Fluorescence quenching of caspase-3 by Ac-DEVD-CHO (I) used as substrate
mimic. b) Fluorescence quenching of caspase-3 in the presence of 1–3 mm Zn2+ c) Fluorescence
quenching of caspase-3 in the presence of Ac-DEVD-CHO and 1-3 mm Zn2+. d) Fluorescence
intensity at the lmax of caspase-3, with or without a reversible inhibitor, under the influence of
various Zn2+ concentrations.
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identical conditions. The choice of conditions compatible with
Zn2+ is critical, as emphasized elsewhere.[5b] For example,
since the inhibitory sites are of low binding affinity, the
existence of two modes of inhibition in caspase-3 may never
be observable under the influence of even a weakly chelating
agent such as b-mercaptoethanol.

The relevance of low-binding-affinity zinc sites such as the
one described herein is highly debated. However, binding
affinities in the low nanomolar range may be physiologically
relevant.[2,5b] These findings have implications for the role of
Zn2+ in apoptosis as well as for drug development. Firstly,
targeted chelation of Zn2+ or Cu2+ is a strategy for regulating
apoptosis. For example, procaspase-activating compound 1
(PAC-1) induces apoptosis in cancer cells by activating
procaspase-3 and -7 through Zn2+ sequestration.[12] Clioqui-
nol, a proposed therapeutic agent for Alzheimer�s disease, is
suggested to suppress apoptosis by chelating and facilitating
the redistribution of excess copper and zinc in neurons.[13] The
details of the Zn2+ binding sites must be taken into account
for the design of more specific chelating agents. Secondly,

synthetic caspase inhibitors currently in clinical trials target
the active site Cys of caspases.[14] Hurdles to overcome in this
approach are the peptidic nature of the inhibitors and their
promiscuity with regard to other cysteine proteases. Based on
the insights gained from this study, the catalytic His can be
considered a novel target for the small-molecule based
inhibition of caspases. For example, Co3+ complexes that
selectively bind to histidine could be considered as templates
for drug design.[15]

An understanding of the bioinorganic chemistry of
apoptosis, including the details of the role of metal ions in
one of life�s fundamental processes, cell death, is essential to
maximizing drug interventions and is crucial for the improve-
ment of such therapies.
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Figure 5. Optimized structures of probable zinc binding sites in
caspase-3: a) the catalytic dyad (ZnCH) and b) His121 and Met61
(ZnMH). Zinc–ligand bond lengths (�) are shown. W1 and W2 are
water molecules.
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