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Abstract

Zinc is emerging as a widely used and important biological regulatory signal. Cellular zinc levels 

are tightly regulated by a complex array of zinc importer and exporters to control processes such 

as apoptotic cell death. While caspase inhibition by zinc has been reported previously, the reported 

inhibition constants were too weak to suggest a critical biological role for zinc-mediated 

inhibition. In this work we have adopted a method of assessing available zinc. This allowed 

assessment of the accurate inhibition constants for apoptotic caspases, caspase-3, -6, -7 and -8. 

Each of these caspases are inhibited by zinc at intracellular levels, however, with widely differing 

inhibition constants and different zinc binding stoichiometries. Caspase -3, -6 and -8 appear to be 

constitutively inhibited by typical zinc levels and this inhibition must be lifted to allow activation. 

The inhibition constant for caspase-7 (76 nM) is much weaker than for the other apoptotic 

caspases (2.6–6.9 nM) suggesting that caspase-7 is not inactivated by normal zinc concentrations 

but can be inhibited under conditions of zinc stress. Caspase-3, -7, and -8 were found to bind 

three, one, and two zincs respectively. In each of these caspases, zinc was present in the active site, 

in contrast to caspase-6, which binds one zinc allosterically. The most notable new mechanism to 

emerge from this work is for zinc-mediated inhibition of caspase-8. Zinc binds caspase-8 directly 

at the active site and at a second site. Zinc binding inhibits formation of the caspase-8 dimer, the 

activated form of the enzyme. Together these findings suggest that zinc plays a critical role in 

regulation of apoptosis by direct inactivation of caspases, in a manner that is unique for each 

caspase.
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Introduction

Until recently the magnitude of the impact of zinc on a wide array of biological processes 

has remained underappreciated. It has now become clear that zinc plays fundamental roles in 

growth, development, metabolism, gene transcription, and signaling. A large body of work 

has established both structural and catalytic roles for zinc in biology, and more recent 

investigations have observed zinc acting directly as a signal.1,2 In addition, sequence 

analysis suggests that up to 10% of the human proteome has potential zinc binding sites, 

leading to questions about the bioavailable levels of zinc in the cell, as well as the 

significance of zinc as a regulatory entity.3 The details of the function and consequence of 

zinc binding in relationship to the various biological roles it takes are still emerging. 

Nevertheless, it is becoming abundantly clear that zinc plays central roles in many processes.

The regulation of intracellular zinc levels and zinc localization is imperative for maintaining 

proper homeostasis, and the extent of zinc’s regulation is remarkable. Whereas levels of 

other metals, particularly metals that only play roles structurally or as cofactors, can be 

adequately regulated by a small number of transporters (e.g. one exporter for iron in 

humans)4,5, cellular levels of zinc are tightly controlled by no fewer than 14 zinc importers 

and 10 zinc exporters in humans, as well as metallothioneins as intracellular zinc buffering 

proteins (for review6). The complexity of the zinc regulatory machinery underscores the 

importance of tightly regulating and controlling zinc levels. It is estimated that total cellular 

zinc concentrations reach hundreds of micromolar, mostly bound to cellular proteins, but the 

“free” or “available” zinc pool is estimated to be in the high picomolar to low nanomolar 

range.7–10 This significant disparity between high total zinc levels and low available zinc 

levels further emphasizes importance of the tight regulation to maintain zinc at precisely the 

appropriate levels at various locations intra- and extracellularly. Small fluxes in the available 

pool of zinc can have dramatic consequences. Zinc sparks, where up to 1010 zinc ions are 

released during oocyte fertilization, lead to intense spikes in the local extracellular zinc.11 

This stems from a coordinated release of zinc from vesicles averaging one million zinc 

atoms per vesicle, with some measuring 1.8 M zinc concentrations.12,13 In addition, zinc 

waves can constitute an intracellular signaling event.1 A zinc wave is mediated by zinc 

importers that allow influx of excess zinc into the cytosol, directly inactivating phosphatases,
14,15 which as a result, also leads to activation of kinases.16 In addition to regulation of 

biological processes, control of intracellular zinc levels has been implicated in disease. For 

example, the zinc importer protein ZIP7, is overexpressed in breast cancer,17 suggesting that 

cancer progression may be aided by the presence of excess zinc.18 B-cells that are deficient 

in ZIP10 have been shown to have impaired maturation as well as increased activities of 

caspases-3, -8, -9, and -12 resulting in cell death, suggesting that zinc plays a key role in 

mediating cell survival.19 These are examples of how small changes in available zinc have 

substantial cellular implications and motivates our pursuit of detailed biochemical 

characterizations of zinc binding to important cellular targets.

Because zinc functions as a regulator and cellular signal, dysregulation of zinc homeostasis 

can have dramatic effects, and links to Alzheimer’s,20 cancer,21 and diabetes22,23 have been 

reported. One central theme interconnecting these multifactorial diseases is the apoptotic 

response; excessive and repressed cell death has been implicated in neurodegeneration and 
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proliferation, respectively. Apoptosis is a biologically central pathway that is highly 

susceptible to regulation by zinc (for review see work by the Zalewski group24). It is known 

that zinc deficiency results in an increase in apoptosis, with some seminal experiments 

showing this correlation in adult animals.25 Furthermore, zinc has shown a protection effect 

by targeting apoptotic proteins, particularly the caspases, as well as other protective roles 

such as in oxidative stress.26

At the heart of apoptosis is a class of aspartate-directed cysteine proteases known as 

caspases, the activity of which is essential for programmed cell death. Apoptotic caspases 

are classified into two types, the upstream initiator caspases, and their substrates, the 

downstream executioner caspases. The executioner caspases -3, -6, and -7 exist as 

homodimers and require cleavage at their intersubunit linker to achieve full activity. In 

contrast, the activity of the initiator caspases -8, -9, and -10 is dependent on a trigger, such 

as dimerization or binding to an activating platform. Caspase-9 is activated on the 

heptameric apoptosome.27 In the case of caspase-8, a death inducing signaling complex 

(DISC) on the cytosolic face of the cell membrane recruits monomeric procaspase-8 via its 

death effector domain (DED) and is subsequently activated in an oligomeric dependent 

manner.28 Caspase-8 requires both dimerization and cleavage in order to be activated.29

There is mounting evidence that zinc plays an inhibitory role by blocking caspase 

activity30–33 thus serving an anti-apoptotic function. Caspases use a cysteine-histidine 

catalytic dyad, both of which are necessary components for hydrolysis of protein substrates. 

This dyad is of interest in zinc regulation as the position of the cysteine and histidine in the 

catalytic dyad is ideal for zinc ligation. Thus, understanding the role of zinc-mediated 

regulation of the caspases has emerged as an important question. Previous studies have 

defined specific zinc regulatory sites on caspases-633 and -932, as well as mounting evidence 

for zinc-mediated inhibition of caspase-3.34–37 Caspase-9 is inhibited by zinc by binding at 

the active site cysteine. However, further analysis revealed a second zinc binding to 

caspase-9 at an exosite below the 210s helix (Figure 1).32 In addition, caspase-6 

crystallographic studies established that zinc binds to an allosteric site composed of Lys38, 

Glu244 and His287 (Figure 1, Figure S1).33 In caspase-6 zinc does not bind to the catalytic 

dyad in the active site, because the enzyme rests in a helical conformation that keeps the 

dyad apart until substrate binds. Caspase-3 has been proposed to bind zinc via its catalytic 

histidine and a proximal methionine, rather than the reactive cysteine, yet this data still 

remains to be verified.36 However, it has been shown that caspase-3 is inhibited at extremely 

low concentrations down to 1.7 nM.34 These previous studies provide evidence that zinc 

inhibition may be nuanced for each caspase and may occur at biologically relevant, low 

levels of available zinc.

Evidence suggests that direct zinc-mediated inhibition of caspases is important in regulation 

of apoptosis. PAC-1 was discovered as a proapoptotic small molecule that allows activation 

of procaspase-3.38 Later work showed that PAC-1 functions by sequestering inhibitory zinc 

bound to procaspase-3, allowing auto-activation in vitro and progression of apoptosis in 

cells.39 In addition, it was shown that zinc co-localizes with the apoptotic caspase-3 in 

airway epithelial cells.40 This finding highlights the importance of zinc-mediated regulation 

of caspase-3 in apoptotic control.
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To truly appreciate the level of control zinc exerts in regulation of apoptosis it is essential to 

elucidate the details for zinc binding to all the caspases. In particular, to date, the details of 

zinc-mediated regulation of caspase-7 and -8 is entirely lacking. In this investigation, we 

have pursued detailed biochemical characterization of zinc inhibition for caspase-3, -6, -7, 

and -8. We have evidence that zinc selectively inhibits these caspases amongst a panel of 

relevant metals. Moreover, the zinc binding and inhibition of these caspases occurs at 

biologically relevant levels of available zinc, in the low nanomolar range. We also 

interrogated the mechanisms of inhibition and found zinc does indeed have an affinity for 

the catalytic dyad of caspase-7 and the catalytic cysteine for caspase-8. In addition, zinc has 

a destabilizing effect on caspase-8 and its oligomeric state by disrupting its ability to form 

the dimer necessary for activity. This provides key molecular details that establish a deeper 

understanding of zinc regulating caspases and apoptosis.

Results

Zinc Inhibits Caspases from Cleaving Peptide and Protein Substrates

Each individual caspase has a variety of interactive surface elements as well as a reactive 

cysteine nucleophile in the active site, which could facilitate binding zinc or other 

biologically-relevant metals. Therefore, the effect of a panel of biologically relevant metals 

was tested on the two primary executioner caspases (caspase-3 and -7) as well as the initiator 

caspase-8, which had not been reported previously. Each of these apoptotic caspases were 

treated with a panel of metals and their activity was assessed by the ability to cleave a 

preferred fluorogenic tetrapeptide substrate (caspase-3, -7: DEVD-AMC; caspase-8: LEHD-

AMC, Figure 2A–C). Among the biologically-relevant metals, zinc and only zinc inhibited 

all three caspases. Both ZnCl2 and ZnSO4 showed similar levels of inhibition suggesting that 

zinc and not the counter ion is responsible for the observed inhibition. Cadmium was tested 

for all three caspases because it shares similar properties to zinc: a group 12 metal with a d10 

valence electron configuration. Cadmium had a marginal effect on the ability of caspase-7 to 

cleave a peptide substrate (84% activity remained), a more significant effect on caspase-3 

(39% activity remained), and an almost complete inhibitory effect on caspase-8 (12% 

activity remained) (Figure 2A–C).

Peptide substrates such as DEVD-AMC and LEHD-AMC occupy only the substrate-binding 

groove of the respective caspases, but for several caspases, zinc binding occurs outside the 

catalytic site, allosterically. Allosteric zinc binding may have a small impact on cleavage of 

peptide substrates, but a pronounced impact on protein substrates, which are larger and may 

engage exosites in binding and recognition. While hydrolyzing a protein substrate, the 

caspase is predicted to make contacts beyond the amino acids proximal to the active site, at 

exosites such as those that have been identified in the caspase-7 N-terminal region.41,42 Thus 

the effect of metal-mediated caspase inhibition on protein substrates may be a means to 

identify other caspase exosites. First, caspase-3 was incubated with each metal, and then 

allowed to cleave the protein substrate, PAK2 (Figure 2D). Both ZnCl2 and ZnSO4 

completely inhibited substrate cleavage, with cadmium having a similar effect. Previous 

reports have suggested that other metals have an inhibitory effect on caspase-3, including 

copper and cobalt.35,39 We did not observe a copper or cobalt-mediated inhibition. To 
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confirm this observation, the assay was repeated with another caspase-3 substrate, PARP 

(Figure 2E), as done in previous work.35 Similar to the PAK2 substrate, only zinc and 

cadmium had an inhibitory effect under these conditions. This result for cadmium is counter 

to what was observed with the peptide substrate (Figure 2A,D,E), suggesting that multiple 

metal sites, including exosites, may be relevant in caspase-3 function and inhibition.

Caspase-7 and caspase-8 were subjected to the metal panel in an identical fashion to 

caspase-3. Caspase-7 cleavage of the protein substrate PAK2 was inhibited by both ZnCl2 

and ZnSO4, but no other biologically-relevant metal (Figure 2F); cadmium, however, had an 

inhibitory effect. This was a surprising result based on the previous observation that 

cadmium had only a slight effect on caspase-7 cleaving a peptide substrate. For caspase-8, 

procaspase-7 (C186A to prevent any self-processing) was used as a representative substrate 

(Figure 2G). Zinc and only zinc had a significant impact on cleavage of a protein substrate 

by caspase-8. Copper and cadmium had a minor impact on cleavage. These data underscore 

the nuanced nature of zinc binding to each caspase.

Biologically Relevant Zinc Concentrations Inhibit Caspase-3, -6, -7, and -8

While it is clear that zinc selectively inhibits caspase-3, -7, and -8 in standard caspase assay 

conditions (Figure 2) as well as caspase-6,33 the affinity can not be accurately measured 

unless the zinc-binding properties of every component of the solution are both understood 

and accounted for. In addition, zinc-mediated inhibition is only biologically relevant at 

certain affinities. While total intracellular zinc concentrations are estimated to be in the 

micromolar range,8 available zinc concentrations are tightly controlled at much lower levels, 

estimated to be high picomolar or low nanomolar.8 Therefore, it is imperative while making 

in vitro measurements at low zinc concentrations that the system be carefully managed so 

that the available zinc concentration can be known and accurately tested. To achieve such 

control, we used zinc-buffering systems15 and calculated the available zinc concentration 

utilizing the MaxChelator43 tool. By deliberately choosing each buffer component such that 

binding affinities for zinc ligation are accurately known, we are able to attain specific free 

zinc ion levels and prevent large fluctuations in free zinc concentration over the course of 

experimentation. HEPES buffer at pH 7.5 was used due its low binding capacity for zinc44 

and TCEP as the reducing agent in order to avoid introducing excess thiols, which can 

coordinate heavy metals.45 In addition, the zinc buffering reagent was carefully chosen 

based on the buffering capacity and the concentration range of zinc under investigation. The 

experiments were also performed in the absence of a metal buffering agent to compare the 

effect of zinc buffering on the catalytic activity of these caspases.

After careful consideration of the buffer, caspase-3, -6, -7, and -8 were subjected to a 

titration of increasing zinc concentrations and assayed for remaining activity (Figure 3). This 

was done in the absence of zinc buffering components, so only total zinc can be reported or 

in the presence of a zinc buffer system, which allows the available zinc concentration to be 

reported. Under zinc-buffering conditions there was a significant shift in IC50 values relative 

to the unbuffered conditions (Table 1). Caspase-6, which is known to bind zinc at an exosite, 

showed the largest shift in binding affinity (IC50 of 4.5 μM (unbuffered)33 to 2 nM 

(buffered)). Caspase-3, -7, and -8 were then assayed, under buffered conditions, at various 
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concentrations of zinc to investigate the mechanism of inhibition (Figure S2). The curves for 

all three caspases best fit to a mixed model of inhibition, and Ki values were calculated 

based on a global fit. The inhibition constants for all caspases shifted into the biologically 

relevant range of zinc concentrations (Table 1) demonstrating the importance of assaying 

inhibition using zinc-buffering to accurately reflect cellular conditions.

Determining the Stoichiometry of Zinc Binding in Caspases

Given that inhibition was observed at biologically relevant concentrations, we next sought to 

determine the zinc binding stoichiometry for each caspase. Zincon, a colorometric zinc 

indicator, is a low affinity zinc chelator (KD= 12 μM)46,47 that undergoes a change in 

absorbance spectra upon zinc binding. Thus, zinc was titrated into a sample containing 

zincon and caspase at increasing molar equivalents to determine the zinc-binding 

stoichiometry for each caspase (Figure 4A). Once all caspase zinc-binding sites have been 

occupied, a colorimetric response is immediately produced and detected. Thus only caspase 

sites with a tighter binding affinity than zincon can be readily detected using this assay. The 

point where this colorimetric response occurs corresponds to the number of zincs binding 

per caspase monomer. Caspase-3, -7, and -8 were found to bind three, one, and two zincs 

respectively. Stoichiometries for caspase-3 and -7 agree with previously reported results 

obtained by ICP-OES.33 Caspase-8 was observed to bind two zincs, although the shape of 

the zincon response curve suggested that the two zincs bind with different affinities. A slight 

rise in the absorbance at two molar equivalents of zinc could indicate a competition with the 

zincon reporter. This suggests that the second binding site in caspase-8 and the zincon 

reporter bind the zinc with similar affinities, with estimations around 12 μM. Lastly, in the 

absence of caspase the indicator responded with an immediate increase in absorbance and in 

the presence of equimolar EDTA there was exactly one zinc binding site observed (Figure 

S3).

Caspases Exhibit Low Nanomolar Affinity for Zinc

After determining the stoichiometry of zinc binding to caspase-3, -7, and -8 using the low 

affinity indicator Zincon, we were motivated to assess zinc binding at biologically relevant 

zinc concentrations. Fluozin-3 is a zinc indicator that exhibits fluorescence when bound to 

zinc and has a KD for zinc equal to 15 nM.48 Due to the tight zinc binding of Fluozin-3 it is 

particularly useful when examining high affinity binding sites on proteins; only caspase 

binding sites that show a tighter affinity than Fluozin-3 will be accurately measured. Thus, a 

competition experiment was carried out wherein each caspase was titrated into a reaction 

with a constant amount of zinc and indicator. Each reaction was allowed to reach 

equilibrium and the fluorescence of Fluozin-3 was measured. The fluorescence signal was 

lost as increasing caspase concentrations competed for the zinc in solution. This loss in 

signal was fit to an IC50 curve (Figure 4B–E), and the KD for each caspase was determined 

by applying the Cheng-Prusoff equation.49 Caspase-3, -6, and -8 had a low nanomolar 

affinity site for zinc, which correlates well with the inhibition data previously determined 

(Figure 3, Table 1). In contrast, as predicted by the biochemical inhibition data (Figure 3, 

Table 1) caspase-7 had a weaker dissociation constant, which could not be accurately 

measured using Fluozin-3. Combined with previous zinc inhibition assays, this establishes 

Eron et al. Page 6

ACS Chem Biol. Author manuscript; available in PMC 2018 May 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



that caspase-7 binds and is inhibited by zinc at higher concentrations than caspase-3, -6, and 

-8.

Caspase-7 Binds Zinc at the Catalytic Dyad

Caspase-9 was observed to bind two zincs, one at the active site and a second at an exosite at 

the base of the 210s helix (Figure 1).32 A sequence alignment of this caspase-9 exosite 

(His224 and Cys272 in caspase-9 numbering) with caspase-7 amino acids suggests 

caspase-7 lacks a critical cysteine necessary to bind zinc in the same manner as the 

caspase-9 exosite. However, an investigation of the caspase-7 structure reveals that there is 

indeed a cys-his cluster (His131 and Cys171) with potential for zinc binding (Figure S4). To 

determine if this site is important in caspase-7, both the histidine (His131 in caspase-7 

numbering) and the cysteine (Cys171) were replaced with alanine in caspase-7. This variant 

(H31A/C171A) was then incubated in the presence and absence of ZnCl2 (Figure 5A). 

H31A/C171A was inhibited by zinc in a similar fashion to wild-type, suggesting this exosite 

has no inhibitory potential for caspase-7 and may be unique to caspase-9. As a result, we 

next interrogated the active site of caspase-7 as the binding site for the singular zinc.

The cysteine-histidine dyad comprising every caspase active site is also a potential zinc-

binding site. However, when a caspase is bound to a peptide-based active-site inhibitor, the 

substrate binding groove is sterically blocked and the cysteine residue in the catalytic dyad is 

covalently blocked, and therefore unavailable to bind zinc. To determine if caspase-7 and 

caspase-3 bind zinc using active-site residues, we first incubated each caspase with a known 

covalent inhibitor, zVAD-FMK, which occupies the caspase active site by forming a covalent 

bond with the catalytic cysteine residue. A two-hour incubation zVAD-FMK completely 

inhibited both caspase-7 and caspase-3 (Figure 5B). After incubation with the active-site 

inhibitor zVAD-FMK, each caspase was subjected to increasing molar equivalents of zinc in 

the presence of zincon to assess zinc stoichiometry. Caspase-7 was unable to bind the single 

zinc that we observed in the absence of zVAD-FMK (Figure 5C), indicating zinc binds at the 

active site of caspase-7. However, caspase-3 showed only a modest alteration in the zincon 

response in the presence of zVAD-FMK (Figure 5D). This suggests that caspase-3 can bind 

three equivalents of zinc and at the same time interact with a covalent active site inhibitor. 

This result is consistent with a previous report that zinc and a fluorescently labeled 

caspase-3 active site inhibitor are able to simultaneously react with caspase-3.50 This prior 

analysis by Daniel et al.50 went on to suggest that the active site histidine was a zinc ligand 

but the active site cysteine was not involved in binding zinc. Our interpretation is that one 

zinc binds the caspase-3 catalytic histidine and resides at the active site while two other zinc 

bind outside the active site, potentially at exosites.

Zinc Binds to the Caspase-8 Catalytic Dyad and Impacts Oligomeric Structure

To test whether caspase-8 also binds zinc in its catalytic dyad the catalytic cysteine (C360) 

was replaced by alanine to ablate zinc-binding properties at this site. The stoichiometry of 

zinc binding for the caspase-8 wild-type (Figure 6A) and the C360A variant (Figure 6B) 

were assessed by the zincon assay. Replacement of the catalytic cysteine of caspase-8 with 

the non-zinc binding residue, alanine, significantly altered its ability to bind zinc. The 
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stoichiometry shifted to fewer than two zincs (but greater than zero zincs) per monomer of 

caspase-8, suggesting that the catalytic dyad is responsible for binding one of the zincs.

Size exclusion chromatography and analytical ultracentrifugation sedimentation velocity 

experiments have demonstrated that caspase-8 exists in an equilibrium between monomeric 

and dimeric states.51,52 At a concentration of 30 μM caspase-8 is approximately 69% 

monomer.51 In addition, dimerization is required for the protein to be active.29 Active-site-

binding inhibitors, like substrate mimics, have been shown to strongly influence the 

equilibrium to favor the dimeric state of caspase-8.51 We used size exclusion 

chromatography to investigate whether zinc has any influence on the oligomeric state of the 

caspase-8. Caspase-8 alone eluted as 67% monomer and 33% dimer (Figure 6C). This 

observation agrees well with previous investigations of caspase-8 oligomeric state 

distributions.51 After incubation with the active site-binding inhibitor, zVAD-FMK, the ratio 

shifted as expected51 to 37% monomer and 63% dimer (Figure 6D). However, after 

incubation with zinc, the distribution heavily favored the monomeric state (Figure 6E). The 

caspase-8 monomer peak represented 90% of the total protein load, with only 10% eluting in 

the dimeric state (Figure 6E,F). This observation suggests that zinc inhibits caspase-8 by 

preventing the protein from reaching the dimeric state necessary to enable substrate 

cleavage.

Zinc Binding Destabilizes Caspase-8

Due to the fact that zinc binding shifts the caspase-8 conformation to favor the monomeric 

state, we hypothesized that zinc destabilizes caspase-8. Thermal stability assays were 

conducted using differential scanning fluorimetry to assess caspase-8 stability in the 

presence or absence of zinc. Fluorescence of a protein-binding dye (SYPRO Orange), which 

increases when bound to hydrophobic residues exposed during denaturation, was monitored 

as a function of temperature. Wild-type caspase-8 was subjected to a melting curve in the 

absence of zinc or after incubation with ZnCl2 or ZnSO4 (Figure 7A). Both zinc salts 

destabilized caspase-8 by approximately 3°C (Table 2). Likewise, both zinc salts 

destabilized caspase-8 C360A by a similar amount (5°C, Figure 7B). Given that removing 

the active site cysteine (C360A) had a significant effect on the stoichiometry of zinc binding 

(Figure 7A,B), this suggests that the zinc binding site that leads to destabilization and loss of 

dimer, is not the catalytic dyad.

In contrast to the impact of zinc, caspase-8 binding to the tetrapeptide substrate-like 

inhibitor IETD-CHO, has an extremely stabilizing effect, with an observed Tm increase of 

27°C (Figure 7C). This increase in stability in the presence of substrate-like inhibitors has 

been observed previously as caspase-7 is stabilized by 17°C upon binding of DEVD-CHO.53 

This is likely a result of stabilizing the dynamic active site loops upon formation of a 

caspase-8 dimer. After observing this extreme stabilization, we probed the effect of zinc on 

dimerization of caspase-8. After incubation with the inhibitor, the caspase-8 was exposed to 

increasing concentrations of zinc. Substrate-bound caspase-8 was destabilized by zinc 

treatment, and a slight increase in the monomer population was observed. Meanwhile, 

caspase-8 with the C360A substitution at the catalytic cysteine was unable to attain the 

stabilization shift from incubation with the substrate-like inhibitor IETD (Figure 7D) 
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because it is unable to covalently bind in the absence of this critical cysteine. Nevertheless, 

we consistently observe that both wild-type and C360A caspase-8 are destabilized by zinc. 

This correlates with the ability of zinc to promote monomerization of caspase-8 and suggests 

that the zinc binding site that impacts dimerization does not include the catalytic cysteine, 

Cys360.

Due to the modest destabilizing effect in Tm upon zinc binding to the caspase-8 C360A 

variant, we aimed to further interrogate this shift by incubation with other metals (Figure 

S5). Thermal stability measurements after incubation with zinc continued to display a 5°C 

destabilizing effect, however, incubation with iron, calcium, and copper failed to 

significantly alter the Tm for caspase-8 C360A. This result confirmed the observation that 

the destabilizing effect shown by a shift in Tm is due to zinc binding and is not simply due to 

the presence of cations in solution.

Discussion

In this work, we have observed that while all of the major apoptotic caspases are inhibited 

by zinc, each of them use unique mechanisms. Given the mounting evidence that zinc is an 

effective signaling entity, it is possible that these different responses to zinc are not just 

vestigial to the sequence for each caspase, but have evolved to allow zinc to play unique 

functional roles in each member of the caspase family. We, and others, have demonstrated 

that zinc has a potent inhibitory effect on caspase-3.34,50 Our data revealed low nanomolar 

inhibition as well as low nanomolar binding, that is within the estimated range of free 

intracellular zinc. Interestingly, caspase-3 binds three zincs. The functional necessity for a 

caspase maintaining three zinc binding sites is both curious and intriguing. One possibility is 

that unique zinc binding sites could be playing a structural role regulating the various stages 

of caspase-3 maturation. For example, PAC-1, a procaspase-3 activator, shows strong zinc 

chelating capabilities. As a result, PAC-1 and its derivatives sequester free zinc from 

procaspase-3, allowing autoactivation.38,39,54 This suggests that one of the caspase-3 zinc 

binding sites could have evolved to prevent caspase-3 maturation from the zymogen to the 

active form. Another possible role for an additional zinc binding site could be to disrupt 

critical protein-protein interactions during substrate recognition. Caspases have numerous 

substrates and often rely on exosites to maintain specificity.41,42,55 It is possible that a zinc-

binding site on caspase-3 could disrupt critical protein-protein interactions and limit 

substrate accessibility or even redirect hydrolysis towards particular proteins of interest.

In contrast to caspase-3, caspase-7 has only one zinc-binding site and this site shows a 

significantly weaker affinity for binding and inhibition. We hypothesize that under normal 

cell conditions caspase-3 activity is constitutively suppressed by intracellular free zinc. 

However, caspase-7 has an affinity for zinc that appears to reside at the upper limit of 

available zinc pools, suggesting caspase-7 may only be inactivated upon a slight elevation in 

zinc levels. Zinc concentrations have been shown to fluctuate during various biological 

events, and have been identified as zinc sparks or zinc waves.1,12 It is important to note that 

caspase-7 is more weakly apoptotic than caspase-3, and carries roles distinct from 

caspase-3.56,57 Perhaps caspase-7 has a weakened affinity for zinc in order to carry out 

pivotal non-apoptotic roles constitutively. For example, caspase-7 cleavage by caspase-1 in 

Eron et al. Page 9

ACS Chem Biol. Author manuscript; available in PMC 2018 May 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



response to lipopolysaccharide prompts caspase-7 to cleave PARP. This results in a change 

in NF-κB signaling that alters gene transcription to aid in the inflammatory response.58,59 If 

caspase-7 were consistently inhibited by basal levels of zinc then it could not properly 

participate in this critical non-apoptotic response to infection, therefore justifying much 

weaker affinity for zinc in respect to the highly apoptotic caspase-3.

Zinc inhibition impacts both the initiator and executioner apoptotic caspases. Caspase-8 and 

caspase-9 are classified as initiators in the extrinsic and intrinsic apoptotic pathways (Figure 

8), respectively, and rely on dimerization to achieve elevated activity. Caspase-8 and 

caspase-9 bind two zincs per monomer and suffer a loss in activity due to zinc blocking key 

active site residues. Interestingly, the mechanism for zinc inhibiting caspase-8 through 

disruption of oligomerization is distinct from that of caspase-9, in which zinc does not 

impact dimerization.32 Dimerization of caspase-8 is imperative for its activity to carry out 

both apoptotic and nonapoptotic roles.60,61 Thus, zinc disrupting caspase-8 dimerization 

could have dramatic implications in apoptotic initiation that are similar to the mechanism 

observed for FLIP-mediated inhibition of caspase-8, which also blocks homodimerization.60 

We observe two zincs binding to caspase-8. The first clearly binds the active site cysteine 

and when bound should directly block substrate binding. However, the location of the 

second zinc-binding site remains unknown. We anticipate that this second zinc is likely to 

disrupt dimerization thus confining caspase-8 in the monomeric form. However, it is also 

possible that the zinc bound at the active site could be restricting loop conformations that are 

critical for dimerization.

Zinc signaling is emerging as being far more nuanced than originally anticipated, as it has 

numerous roles in the regulation of a myriad of pathways and targets. The fact that nearly 

10% of the proteome has the potential to bind zinc, results in a very multi-factorial 

collection of ligands controlling the pool of available zinc at the low nanomolar to high 

picomolar range. A large number of Zinc Import Proteins (ZIPs) and Zinc Transporters 

(ZnTs) modulate the total levels of zinc (Figure 8), thus regulating biological functions 

based on environmental factors. The data presented here contribute to an understanding of 

how changes in zinc concentration directly affect the apoptotic caspases. The biologically 

relevant IC50 concentrations of zinc-mediated caspase inhibition and binding described in 

this work suggest that the molecular mechanisms of zinc uncovered here play a pivotal role 

in the regulation of apoptosis (Figure 8). Increase in zinc blocks the activation of caspases-8, 

-9 as well as the executioners (-3 and -6) and at even more elevated levels the activity of 

caspase-7 preventing the downstream cleavage of critical death substrates allowing for the 

propagation of cells (Figure 8). This is likely the system used during development, but is 

similarly susceptible to being hijacked in cancers to allow unregulated proliferation. For 

example, ZIP9 is expressed in various breast and prostate cancers increasing the endogenous 

levels of zinc promoting proliferation.62 In the converse situation, decreased zinc levels have 

been correlated to increased apoptosis.63 We hypothesize that as the intracellular levels of 

zinc fall below the IC50 values of zinc-mediated caspase inhibition, caspases are free to 

become active, in turn activating the apoptotic cascade, which may account for the toxicity 

observed in a zinc deficient system. Taken together, the data reported here (e.g. differing 

affinities of various caspases) suggest that regulation by zinc not only differs across the 

caspase family, but plays different roles under different conditions. The most compelling 
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question remaining is whether activation of caspases during apoptosis is enabled simply by 

lowering available zinc concentrations or whether there is a direct mechanism for removal of 

zinc from binding sites on caspases, perhaps by metallochaperones, which enables 

progression of apoptosis.

Methods

A description of the methods used in this work is located in the Supporting Information.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

DEVD-AMCacetyl-Asp-Glu-Val-Asp-aminomethylcoumarin, a caspase-3, -7 substrate

LEHD-AMCacetyl-Leu-Glu-His-Asp-aminomethylcoumarin, a caspase-8 substrate

zVAD-FMK carbobenzoxy-Val-Ala-Asp-fluoromethylketone, an active site inhibitor of 

all caspases

IETD-CHO acetyl-Ile-Glu-Thr-Asp-aldehyde, an active-site inhibitor of caspase-8

DEVD-CHOacetyl-Asp-Glu-Val-Asp-aldehyde, HEPES - 2-[4-(2-

hydroxyethyl)piperazin-1-yl]ethanesulfonic acid

TCEP tris(2-carboxyethyl) phosphine

ZIPs Zinc Import Proteins

ZnTs Zinc Transporters

PARP Poly [ADP-ribose] polymerase

PAK2 p21 activated kinase 2
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Figure 1. 
Known zinc binding sites in caspases.

Previous investigations have found that caspase-9 (represented by PDB 1JXQ) binds zinc at 

the active site as well as at an allosteric at the bottom of the 210’s helix. Conversely, 

caspase-6 binds a single zinc at a defined allosteric site, but does not bind zinc at the active 

site (PDB 4FXO). Representative caspase structure modeled by PDB ID 1F1J.
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Figure 2. 
Zinc inhibits caspase-3, -7, and -8 cleavage of peptide and protein substrates. A panel of 

biologically-relevant metals were independently incubated with (A) caspase-3 (B) caspase-7 

or (C) caspase-8. The effect of each metal was assessed by monitoring cleavage of an 

appropriate fluorogenic tetrapeptide substrate. Data are shown as the mean ± SD for three 

separate experiments performed on three separate days. The effect of each metal was tested 

on individual caspases cleaving a protein substrate: (D) caspase-3 cleaving PAK2 (E) 

caspase-3 cleaving PARP (F) caspase-7 cleaving PAK2 and (G) caspase-8 cleaving the 

catalytically inactive caspase-7 full-length substrate.
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Figure 3. 
Zinc buffering conditions reveal zinc-mediated inhibition at biologically relevant 

concentrations. Dose response curves of caspase activity (10 nM) with increasing 

concentrations of zinc. A preferred tetrapeptide substrate was used for each caspase. 

Titrations were carried out under non-buffering conditions for zinc (gray lines) and repeated 

under zinc buffering conditions (black lines). Each titration was performed in duplicate on 

three separate days with values represented as means ± SEM and fit for the IC50 value.
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Figure 4. 
Stoichiometry and affinity of zinc binding. (A) Zincon was used as a colorimetric zinc 

indicator to determine the stoichiometry of zinc binding for caspase-3, -7, and -8. Molar 

equivalents of zinc were added to a mixture of caspase and the zincon indicator. Absorption 

spectra recorded at 620 nm indicate a zincon response after three molar equivalents for 

caspase-3 (top), one equivalent for caspase-7 (middle), and two equivalents for caspase-8 

(bottom). Each graph represents the mean ± SEM for three separate experiments on three 

separate days. The fluorescent zinc indicator Fluozin-3 was used to determine zinc affinity 

by titrating (B) caspase-3, (C) caspase-6, (D) caspase-7 and (E) caspase-8 against of a 

constant concentration of zinc. Each graph represents the mean ± SEM for three experiments 

on three separate days.
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Figure 5. 
Substrate-mimic occupying the active site disrupts zinc binding to caspase-7 but not to 

caspase-3. (A)The activity of the caspase-7 variant H131A/C171A was tested in the absence 

and presence of ZnCl2. (B) Activity of caspase-7 and caspase-3 after a two hour incubation 

alone, or in the presence of an active site inhibitor zVAD-FMK. (C) Caspase-7 alone (top) 

and caspase-7 with its active site occupied by zVAD (bottom) were analyzed by increasing 

equivalents of zinc and stoichiometry of zinc binding was determined by measuring zincon 

absorbance at 620 nm (filled data points in line plot). (D) Zincon measurements were 

repeated for caspase-3 (top) and caspase-3 incubated with zVAD (bottom). Data represent 

the mean ± SEM for three separate experiments on three separate days.
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Figure 6. 
Zinc binds to the Active Site of Caspase-8 and Influences the Oligomeric State (A, B) Zinc 

binding to caspase-8 (A) and caspase-8 C360A (B) was measured by monitoring the 

absorbance at 620 nm (filled data points in line plot) in the presence of the colorimetric zinc 

indicator, zincon, and increasing concentrations of zinc. (C) The oligomeric state of 

caspase-8 was monitored by elution using size-exclusion chromatography (SEC), with two 

dominant peaks correlating to the caspase-8 dimeric or monomeric states. (D) Caspase-8 

was incubated with an inhibitor, zVAD-FMK, which is known to increase the concentration 

of dimeric caspase-8. The distribution of monomer and dimer was monitored by SEC. (E) 

The distribution of caspase-8 monomeric and dimeric states in the presence of ZnCl2 

assessed by SEC. (F) A graphical representation of quantified volumes under each curve 

representing the monomeric or dimeric states of caspase-8 alone, in the presence of zVAD, 

or in the presence of ZnCl2. These quantifications represent the mean ± SEM for three 

separate experiments on three separate days.
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Figure 7. 
Zinc Destabilizes Caspase-8.

The thermal stability of caspase-8 was interrogated by differential scanning fluorimetry 

using SYPRO Orange fluorescent dye. A melting curve was generated for (A) caspase-8 

wild-type alone, after incubation with 50 μM ZnCl2 or ZnSO4 and repeated for (B) 

caspase-8 C360A, a catalytically inactive variant. (C) Caspase-8 thermal stability was then 

investigated after incubation with a known peptide substrate, IETD-CHO, which contained 

an aldehyde moiety that reversibly reacts with the active site cysteine of caspase-8. This 

caspase-8-IETD was then incubated with zinc. (D) Caspase-8 C360A thermal melts after 

incubation with the aldehyde IETD inhibitor.
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Figure 8. 
Schematic of the Influence of Zinc on Caspases and Apoptosis using cartoons and structures 

of relevant components. Levels of cellular zinc are tightly controlled by at least fourteen 

different Zinc Import Proteins (ZIPs; model based on Zip4 extracellular domain from 

Pteropus Alecto PDB ID 4X82) and ten different Zinc Transporters (ZnTs; model based on 

E. coli ZnT YIIP PDB ID 2QFI). These ZIPs and ZnTs respond to a huge number of 

different cellular cues to control the intracellular zinc pool. In addition to controlling cellular 

levels of zinc, ZIPs also form gradients at different extracellular locations and intracellular 

locations adjacent to the Golgi apparatus and the endoplasmic reticulum where ZIPs and 

ZnTs are abundant. In general, increasing zinc levels block phosphatase activity, which 

serves to activate kinases. Increased zinc also activates a number of transcription factors 

such as the metal regulatory transcription factor 1, MFT1, which regulates expression of 

metallothioneins. Zinc levels also significantly impact the function of apoptosis. Apoptosis 

can be trigged extrinsically by binding of ligands like TNF, FAS, or TRAIL to the Death 

Inducing Signaling Complex (DISC). The DISC recruits procaspase-8 through its Death 

Effector Domain (DED), which leads to the active conformation of caspase-8. Apoptosis can 

also be trigged intrinsically through oxidative or mitochondrial stresses. When this occurs 

cytochrome c is released from the mitochondria and binds, with dATP, to APAF-1, which 

forms a heptameric caspase-9 activation platform, the apoptosome. Activated caspase-8 or -9 

cleave and activate the executioner procaspases caspase-3, -6 and -7. At available zinc 

concentrations of 1–10 nM, all of the apoptotic caspases except caspase-7 are inhibited by 

zinc binding. If available zinc levels exceed 100 nM, then caspase-7 is also inhibited. When 

zinc levels decrease, or if zinc is actively removed from binding sites on caspases through an 

as yet unknown mechanism, caspases are available to be activated by traditional routes. 
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Active executioner caspases are then able to cleave cellular substrates leading to apoptotic 

cell death. Graphic generated using the following PDB IDs: 1QTN (caspase-8), 1F1J 

(caspase-7), 5JUY (apoptosome), 5L08 (caspase-8 +tDED), 30Q9 (FAS/FADD), 1Z6T 

(apaf-1), 2N9J (cytochrome-c)
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Table 1
Parameters for Zinc Inhibition of Caspases under Metal Buffering Conditions and 
Unbuffered Conditions

The zinc buffer utilized for caspase-3, -6, and -8 was NTA and citrate was used for caspase-7. All zinc 

calculations were done using MaxChelator. Inhibition constants were calculated assuming a mixed model of 

inhibition, with the exception of caspase-6 (*), which was assumed to be noncompetitive based on previous 

determination of allosteric binding of zinc.

IC50 Values (nM)

Ki (nM)Unbuffered Buffered

Caspase-3 104 ± 26 12.5 ± 0.5 6.9

Caspase-6 4530 ± 1100 2.61 ± 0.4 2.6*

Caspase-7 1580 ± 750 141 ± 2.1 76.1

Caspase-8 367 ± 38 9.25 ± 1.2 4.3
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Table 2

Thermal Stability Tm Measurements

TM Values (°C)

Wild Type C360A

Caspase-8 48.1 ± 0.5 46.7 ± 0.2

+ ZnCl2 44.5 ± 0.4 41.5 ± 0.9

+ ZnSO4 44.8 ± 0.3 41.6 ± 0.6

+ Ac-IETD-CHO 75.5 ± 0.3 46.4 ± 0.2
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