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Abstract: The regulation of caspase-3 enzyme activity is a vital process in cell fate decisions lead-

ing to cell differentiation and tissue development or to apoptosis. The zebrafish, Danio rerio, has
become an increasingly popular animal model to study several human diseases because of their

transparent embryos, short reproductive cycles, and ease of drug administration. While apoptosis

is an evolutionarily conserved process in metazoans, little is known about caspases from zebrafish,
particularly regarding substrate specificity and allosteric regulation compared to the human cas-

pases. We cloned zebrafish caspase-3a (casp3a) and examined substrate specificity of the recom-

binant protein, Casp3a, compared to human caspase-3 (CASP3) by utilizing M13 bacteriophage
substrate libraries that incorporated either random amino acids at P5-P1’ or aspartate fixed at P1.

The results show a preference for the tetrapeptide sequence DNLD for both enzymes, but the P4

position of zebrafish Casp3a also accommodates valine equally well. We determined the structure
of zebrafish Casp3a to 2.28Å resolution by X-ray crystallography, and when combined with molecu-

lar dynamics simulations, the results suggest that a limited number of amino acid substitutions

near the active site result in plasticity of the S4 sub-site by increasing flexibility of one active site
loop and by affecting hydrogen-bonding with substrate. The data show that zebrafish Casp3a

exhibits a broader substrate portfolio, suggesting overlap with the functions of caspase-6 in

zebrafish development.
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Introduction

Apoptosis is a process that ensures normal cell turn-

over in multicellular organisms, and a number of dis-

eases arise due to the improper regulation of

apoptosis. Cancer, for instance, results from insuffi-

cient apoptosis, and targeting cell death pathways rep-

resents a major effort in developing new cancer

therapies.1–3 In contrast, excess apoptosis is problem-

atic in neurodegenerative diseases.4,5 Understanding

how cells regulate caspase activity will be important

for developing therapeutic strategies that return cas-

pase activity to normal levels required for cell develop-

ment and cell death. Caspase-3 is the primary

executioner in apoptosis, but cells also use caspase-3

enzyme activity for a variety of physiological reactions

(adaptive responses) when activity is held at levels

lower than that required for apoptosis.1 Adaptive

responses such as cell differentiation6 and cell develop-

ment,7 particularly of the eye lens8 and inner ear,9 rely

on the ability to fine-tune caspase activity. Caspase

mechanisms in apoptosis have been studied for more

than two decades, and the signaling pathways that

result in caspase activation are well-known. In con-

trast, mechanisms used by cells to fine-tune caspase

activity for adaptive responses are largely unknown.

Danio rerio, more commonly known as zebrafish,

are small tropical fish that have become an increas-

ingly popular animal model to study various human

diseases.10,11 Zebrafish embryos offer visual transpar-

ency, short reproductive cycles, ease of drug adminis-

tration,10,12 and lower costs compared to mouse and

rat models.13 In addition, most organ systems are fully

developed by 5 days post-fertilization (dpf).14 Although

the zebrafish model is widely used to investigate sig-

naling pathways, tissue, and organ development, apo-

ptosis, and disease development in vertebrates,12 the

zebrafish caspases are largely uncharacterized.

Caspases are cysteinyl aspartate-specific pro-

teases that recognize aspartate at the P1 position of

the substrate (using the nomenclature of Schechter

and Berger),15 and the specificity among the various

caspases is determined primarily by the amino acid

in the P4 position.1 In human caspase-3 (CASP3),

the preferred amino acid sequence is DEVD, and

more generally, CASP3 recognizes sequences with a

DXXD motif.16,17 Human caspases cleave at least

four hundred cellular proteins18 and although tech-

niques developed to identify CASP3 substrates, such

as N-terminomics,19,20 should also apply to zebrafish

embryos, comparative studies in zebrafish have not

been performed. To date, only a limited number of

caspase substrates have been identified in zebrafish,

although current evidence demonstrates overlap

with homologues from human cells.12

While apoptosis is an evolutionarily conserved

process, caspase activation and regulation is not

always identical among species.21 Zebrafish share at

least seven caspases with humans, including ortho-

logues of the three executioner caspases: caspase-3,

caspase-6, and caspase-7.22,23 Zebrafish also encode

Bcl-2 family members, inhibitor of apoptosis proteins

(IAP), death receptors and ligands, and apoptosis-

related kinases.24,25 Aside from genomics data26; how-

ever, the regulation of caspases in development or apo-

ptosis in zebrafish has not been studied extensively.

Two orthologs of human CASP3 are encoded in

the zebrafish genome, caspase-3a (casp3a) and cas-

pase-3b (casp3b), where the encoded enzymes share

61.8% and 56% sequence identity, respectively, with

human CASP3 [Fig. 1(A)]. Zebrafish casp3a and

casp3b are predicted to be paralogues that arose from

a common progenitor sequence when a teleost-specific

whole genome duplication event occurred �350 mil-

lion years ago (Supporting Information Fig. S1).27 The

functional roles of the two zebrafish caspase-3

enzymes have not been determined, but in the Japa-

nese rice fish, medaka (Oryzias latipes), the expres-

sion pattern of the two genes is distinctly different in

early embryo development, where one caspase-3 gene

is expressed in the tailbud while the other is

expressed in the head.28,29 In medaka, it appears that

apoptosis is dependent on both caspase-3 paralogues.

Yamashita et al. initially characterized casp3a (initial-

ly named casp3) from zebrafish and demonstrated

that casp3a transcripts are present in early embryos

as a maternal factor, while the gene is expressed

throughout the body after gastrulation by zygotic

expression.30 The role of zebrafish casp3b (previously

named casp3l), if any, in development is currently

unknown, but casp3a was shown to induce apoptosis

when transfected in cultured fish cells,30 zebrafish

embryos,30 Xenopus,31 rat,32 and HEK 293T cells.33

The zebrafish Casp3a enzyme was examined against a

limited set of synthetic tetrapeptide substrates and

showed highest activity with Ac-DEVD-MCA.30

In the studies presented here, we further exam-

ined the substrate specificity of zebrafish Casp3a

compared to human CASP3 using a substrate-phage

display library,34,35 and we report the first X-ray

crystal structure of Casp3a. The data show that both

human CASP3 and zebrafish Casp3a exhibit a prefer-

ence for the tetrapeptide sequence DNLD, but

Casp3a also accommodates valine at the P4 position.

Structural and molecular dynamics studies of Casp3a

suggest increased flexibility due to changes in several

amino acids near the active site compared to human

CASP3. Overall, the data further establish substrate-

phage techniques as an alternative method to posi-

tional scanning synthetic combinatorial peptide

libraries (PS-SCL) for determining enzyme specificity.

The results show that zebrafish Casp3a may have

functional overlap with Casp6 due to relaxed sub-

strate specificity in the P4 site. Despite nearly 400

million years of evolution between zebrafish and

human, the caspase 3 proteins share similar traits in
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substrate specificity and predicted allosteric sites.

Differences in specificity may result from only a few

changes in amino acids near the active site.

Results and Discussion

Determining caspase-3 substrate specificity

from phage-substrate display libraries

A casp3a transcript was cloned from a single zebra-

fish of the AB line, and the encoded protein differs

from the published sequence30 at three positions: 57

(N->D), 180 (T->P), and 190 (E->V) [Fig. 1(A)].

Aspartate 57 is in active site loop 1 (L1), and the

crystal structure of Casp3a (described below) shows

that the amino acid overlays closely to N54 of

human CASP3. In contrast, residues 180 and 190

are located in the intersubunit linker (IL) and are

not observed in the crystal structure. The zebrafish

Casp3a zymogen is cleaved at D178 during activa-

tion, and there is no evidence that the substitutions

Figure 1. Zebrafish Casp3a used in substrate-phage display methods. A: Sequence alignment of caspase-3 proteins. All sequen-

ces are from the Universal Protein Resource Knowledgebase (UniProtKB).60 The following UniProt accession codes were used for

the caspase-3 alignment: zebrafish Casp3b, Q0PKX2; Xenopus, P55866; human, P42574; mouse, P70677. The sequence for

zebrafish zCasp3a was determined as described in the text (GenBank KX084794). Regions of secondary structure are shown

above the sequence, and the colors are the same as those in Figure 3A-B. The catalytic histidine and cysteine residues are shown

in bold. B: Schematic of substrate-phage display method for determining caspase substrate specificity using the X4DX library.
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in the IL affect activation or enzyme activity com-

pared to the previously published sequence. We

expressed and purified recombinant zebrafish Casp3a

with a C-terminal histidine tag and examined

enzyme activity against the tetrapeptide substrate,

Ac-DEVD-AFC. The data show a specificity constant

(kcat/KM) of 3.4 3 105 M21 s21, with kcat of 7.5 6

0.14 s21 and KM of 22 6 0.9 lM (Supporting Informa-

tion Fig. S2). Compared to human CASP3,36–38 the

activity of zebrafish Casp3a in cleaving the peptide

substrate is approximately three times higher due to

a �10-fold higher kcat, while the KM is also higher

than that for human CASP3.

In order to examine substrate specificity for

zebrafish Casp3a, we utilized a substrate-phage dis-

play library [Fig. 1(B)]. In this technique, the M13

bacteriophage displays an N-terminal six-histidine

tag, a bridge consisting of three glycines, and either

control sequences or P5-P4-P3-P2-P1-P1’ substrate

amino acids followed by the remainder of the pIII

sequence [Fig. 1(B)]. The control sequences were

(P4-P1’) DEVDG, DEVEG, and DEVAG, and the ran-

dom libraries expressed were XXXXDX (X4DX) and

XXXXXX (X6), where the former (X4DX) contained

an aspartate residue fixed at P1 and the latter (X6)

contained six random amino acids at P5-P1’. Control

studies of elution with imidazole showed bacterio-

phage plaque forming units (PFU) of 5-8x1010 on the

nickel-sepharose (Ni-NTA) beads, while washing

with PBS demonstrated a low removal of bacterio-

phage, 3-10x104 PFU (Supporting Information Table

S2). The imidazole treatment represents the upper

limit of phage bound to the Ni-NTA column, while

the PBS treatment represents the lower limit of

phage release from the beads. Both CASP3 and

Casp3a showed a preference for a P1 aspartate in

the control libraries, by 1-2 orders of magnitude,

compared to glutamate or alanine. We note that

sequencing phage cleaved in the DEVEG and

DEVAG control libraries showed that the enzyme

selected the GGG linker and P4 aspartate, thus

cleaving the GGGD sequence in the GGGDEVEG or

GGGDEVAG control libraries. Both enzymes dis-

played high activity in the X4DX and X6 libraries

(Table S2). Finally, inhibiting human CASP3 and

zebrafish Casp3a with Ac-DEVD-CMK resulted in

basal levels of phage removal (�104 PFU, Table S3),

demonstrating that release of phage in the control

libraries was due to proteolytic cleavage by the

caspase-3 enzyme.

Substrate sequences were determined after 3-5

rounds of selection, and the data showed no

Figure 2. Results of substrate-phage display to determine substrate specificity for human and zebrafish caspase-3. Two librar-

ies were used for human CASP3 (A-B) or zebrafish Casp3a (C-D) in which aspartate was fixed at the P1 position, called the

X4DX library, or six random amino acids were examined, called the X6 library. Values on the y-axis represent number of phage

with the representative sequence, while amino acids are labeled on the x-axis. The six positions - P5 (blue), P4 (red), P3 (green),

P2 (purple), P1 (cyan) and P1’ (orange) - are shown on the z-axis.
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difference between rounds 4 and 5, so the results for

those rounds were combined. For both enzymes,

there was little difference in selection from the

X4DX or X6 libraries. In the case of human CASP3

[Fig. 2(A,B)], the data from both libraries showed a

preference for small amino acids at the P5 position,

particularly glycine. There was a clear preference

for aspartate at the P4 position and a slight prefer-

ence for asparagine at the P3 position, although

valine, leucine, and isoleucine were also observed.

There was a preference for leucine in the P2

position, and the random library (X6) showed a pref-

erence for aspartate at P1. Finally, either glycine or

serine was preferred at P1’, so the consensus

sequence for CASP3 from the data in Figure 2(A,B)

is (P5-P1’) GDNLD(G/S).

An analysis of the data for zebrafish Casp3a

[Fig. 2(C,D)] showed a similar consensus sequence

except that both valine and aspartate were selected

in the P4 position. Aspartate was slightly preferred

over valine in the X4DX library [Fig. 2(C)] while the

converse was true in the X6 library [Fig. 2(D)]. In

Figure 3. Comparison of human and zebrafish caspase-3 structures. A,B: Structure of zebrafish Casp3a determined by X-ray

crystallography. The active site loops (L1-L4, L2’) and regions of secondary structure are labeled for one protomer of the dimer.

C: Comparison of active sites for human CASP3 (gray) and zebrafish Casp3a (color). D: The short surface b-strand (b1-b3) of

zebrafish Casp3a (color) is displaced compared to that of human CASP3 (gray), although the catalytic histidine and cysteine

(shown as sticks) overlay very closely. E: The displacement of b2 may be caused by the amino acid substitution F130 in zebrafish

Casp3a (blue) compared to I123 in human CASP3 (green). As in panels C-D, human CASP3 is shown in gray. F: Surface repre-

sentation of F130 (zebrafish) or I127 (human) caspase 3, shown as blue spheres. Atoms within 5 Å are shown as yellow mesh.
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addition, there was a clear preference for serine over

glycine at the P1’ position. So, for Casp3a, the con-

sensus sequence determined from the substrate-

phage display method is (P5-P1’) G(V/D)NLDS.

In order to further confirm the broader specific-

ity for Casp3a, we examined enzyme activity against

the caspase-6 tetrapeptide substrate, Ac-VEID-AMC

(Supporting Information Fig. S2). The data show

that Casp3a is active against the caspase-6 sub-

strate, whereas CASP3 did not cleave the caspase-6

substrate. We determined a specificity constant (kcat/

KM) for Casp3a against Ac-VEID-AMC of 4.83104

M21sec21, with kcat of 2.0 6 0.2 sec21 and KM of

42 6 3 lM (Supporting Information Fig. S2). The

data are very similar to those determined previously

for the cleavage of Ac-VEID-AMC by human cas-

pase-6,39 where Hardy and colleagues report kcat of

0.92 s21 and KM of 45 lM (kcat/KM 5 2.0x104

M21sec21).

Crystal structure of zebrafish Casp3a reveals

plasticity in P4 site
We determined the X-ray crystal structure of zebra-

fish Casp3a to 2.28Å resolution (Table S4), and the

Figure 4. Differences in active site residues of zebrafish and human caspase-3. A: The substitution of N68 in zebrafish Casp3a

results in fewer hydrogen bonds to the P3 aspartate, while changes in active site loop 3 (L3) result in weaker hydrogen bonds

to the P4 aspartate. B: The substitution of T216 in zebrafish Casp3a removes a water-mediated hydrogen-bonding network

between L3, L2’ and the P4 aspartate residue. C: Two substitutions in active site loop 4 (L4) (T255 and N257) of Casp3a com-

pared to CASP3. For panels A-C, amino acids found in human CASP3 are shown in grey. D,E: Amino acids (shown in mesh)

within 5 Å of the P4-P1 residues (sticks) demonstrate changes in polarity of the active site for human CASP3 (panel D) versus

zebrafish (panel E) Casp3a. Positively charged amino acids are shown in blue, polar amino acids are shown in cyan, negatively

charged amino acids are shown in red, and hydrophobic amino acids are shown in gray.
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data [Fig. 3(A)] show a very close alignment with

human CASP3 (PDB ID 2J30),40 with RMSD of

0.46Å. Changes in two regions of the protein near

the active site, however, may affect either allosteric

regulation or enzyme specificity. While all caspase

structures are similar overall,1 a comparison of

Casp3a with human caspases-6 (PDB ID 3OD5)41

and -7 (PDB ID 1F1J)42 show RMSD of 0.83Å and

0.47Å, respectively. This is again consistent with

Casp3a being structurally similar to CASP3 and the

close homologue, caspase-7.

The short surface b-sheet, b1-b3, of human

CASP3 is important for positioning the catalytic his-

tidine for proton transfer to the catalytic cysteine.1

This region of the protein contains Turn 6, which in

CASP3 is important for stabilizing active site loop 2

(L2) through electrostatic interactions in the dimer

interface. In addition, the loop undergoes large con-

formational changes upon activation of the zymo-

gen.43 In caspase-9, an insertion in Turn 6 results in

a longer loop that occludes the central cavity,44

which is a common allosteric site in caspases.45,46

Notably, the short surface b-strand undergoes a

strand-to-helix transition in caspase-6, which inhib-

its the enzyme by increasing the distance between

the catalytic groups.47 In addition, the surface b-

strand connects to helix 3, near the dimer interface

[Fig. 3(A,B)]. Rotation of the helix toward the cen-

tral cavity of the dimer interface inactivates the

enzyme by distorting the active site groups. Move-

ments of helix 3 are part of a mechanism that stabil-

izes a high-energy inactive state in the native

ensemble of human CASP3.37,48

While the catalytic groups in zebrafish Casp3a

align closely to those in human CASP3, the short

surface b-sheet, particularly b2 and b3, is misaligned

compared to CASP3 [Fig. 3(C,D)]. Changes in the b-

strand appear to be due to the substitution of phe-

nylalanine in Casp3a (F130) from isoleucine in

CASP3 (I123). The larger amino acid in Casp3a

results in improved hydrophobic contacts in the b-

strand [Fig. 3(E,F)]. We note that F130 is unique to

Casp3a, where isoleucine is observed in other homo-

logues [Fig. 1(A)]. At present, it is not known if helix

3 in zebrafish Casp3a undergoes similar conforma-

tional transitions as observed in human CASP3,

that is, the static structure does not provide infor-

mation on changes to the native ensemble compared

to CASP3, but the improved hydrophobic contacts in

Casp3a may prevent active site distortions as

observed in CASP3.

The second area of difference between zebrafish

Casp3a and human CASP3 is in the S3 and S4 sites

(Fig. 4). In CASP3, the side-chain of the P3 gluta-

mate forms two hydrogen bonds in the S3 site, one

each with R207 and S65. In Casp3a, the P3 gluta-

mate forms only one hydrogen bond, to R212 in the

S3 site. This is due to the substitution of serine to

asparagine in Casp3a [S65 -> N68, Fig. 4(A)]. In

this case, the side-chain of N68 is rotated toward

solvent and is not positioned to hydrogen bond to

the P3 aspartate. We note that although R212 is

conserved in caspases [Fig. 1(A)], N68 is found in

both zebrafish and Xenopus caspase-3 enzymes, but

serine is observed in human and mouse caspase-3

[Fig. 1(A)]. In addition, the position of active site

loop 3 (L3) in zebrafish Casp3a varies in the S4 site

such that the asparagine at the beginning of the

turn no longer forms a hydrogen bond with the P4

aspartate, even though the amino acid is conserved

(N208 in CASP3 versus N213 in Casp3a) [Fig. 4(A)].

This is likely due to a substitution at the end of the

turn, D211->T216 in Casp3a. In CASP3, D211 forms

part of a hydrogen bonding network between water

molecules and the P4 aspartate. The network also

includes the N-terminus of loop 2’ from the second

protomer [Fig. 4(B)], which is generated upon cleav-

age of the zymogen at D175. The water-mediated

hydrogen-bonding network stabilizes the active site

loops, L2’ and L3. In Casp3a, the substitution of

T216 results in only one hydrogen bond to the P4

aspartate side-chain, where one observes a hydrogen

bond between the amide nitrogen of T255 in active

site loop 4 (L4) and the P4 aspartate [Fig. 4(C)]. As

a result, the region of L2’ between H179 and R190

[see Fig. 1(A)] is disordered in zebrafish Casp3a.

Finally, two substitutions in active site loop 4

(L4) affect the position of the loop. In human

CASP3, F250 and F252 form a hydrophobic cluster

in the loop, and replacement by threonine (T255) or

asparagine (N257), respectively, in zebrafish Casp3a

results in re-positioning of the loop relative to the

substrate-binding pocket [Fig. 4(C)] as well as a

more polar loop [Fig. 4(D,E)]. The L4 active site loop

is a major factor in determining specificity of the P4

amino acid, and with the notable exception of

CASP3 from Xenopus [Fig. 1(A)], the loop is longest

in caspase 3 relative to other caspases.1 In addition,

F250 and F252 in CASP3 were shown to form a

hydrophobic cleft for binding valine in the P5 posi-

tion of a substrate, (P5-P1) VDVAD.49 We note that

in our phage-substrate display studies (Fig. 2),

Casp3a displays a lower preference for V/L/I at the

P5 position compared to CASP3, which is consistent

with the substitutions of the phenylalanines in L4.

Molecular dynamics simulations show increased

flexibility in the active site of zebrafish Casp3a
In order to further examine differences in zebrafish

Casp3a compared to human CASP3, we performed

molecular dynamics (MD) simulations for 50 ns.

Compared to our previous data for CASP3,37 the MD

simulations show that the fluctuations in Casp3a

are generally within 1-2.5 Å of those observed for

CASP3. The data for both protomers in the dimer

are reported as DRMSF (RMSF(Casp3a) –
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RMSF(CASP3)), so values greater than zero show larg-

er fluctuations in Casp3a compared to those of

CASP3, while values less than zero reflect larger

fluctuations in CASP3 (Fig. 5). Overall, the data

show that active site loops L1 and L4 are more flexi-

ble in Casp3a. Unlike allosteric mutants of

CASP3,37,48 there appears to be little rotation in

helix 3 of Casp3a, suggesting that if the high-energy

inactive state of the native ensemble is present in

Casp3a, then the state is selected by different mech-

anisms than occurs in the human enzyme.

In the active site of human CASP3, there are

few fluctuations of the P1-P4 residues of the inhibi-

tor [Fig. 5(C)], likely due to the extensive hydrogen

bonding with amino acids in the S1, S2, and S4

sites. In contrast, the P3 glutamate of zebrafish

Casp3a is quite dynamic and is observed to rotate

out of the S3 site to become exposed to solvent [Fig.

5(D)]. These movements are consistent with fewer

hydrogen bonds in the S3 site, as noted above (Fig.

4). In CASP3, Y204 on active site loop 3 (L3) forms

part of the hydrophobic S2 binding pocket. In the

unliganded enzyme, Y204 occupies the S2 binding

pocket and must rotate out of the pocket prior to

ligand binding [Fig. 6(A,B)]. Two tryptophans in the

active site, W206 and W214, partially occupy the S4

binding pocket, but minor movements in these two

residues open the pocket for ligand binding. The

three residues are conserved in Casp3a [Fig. 1(A)],

and Y209 behaves similarly to the comparable resi-

due (Y204) in CASP3, that is, it occupies the S2

binding pocket in the unliganded enzyme [Fig.

6(C,D)]. In contrast to W206 in CASP3, however,

W211 in Casp3a is highly dynamic and occupies the

S4 binding pocket in the unliganded enzyme. Thus,

in zebrafish Casp3a, both Y209 and W211 must

rotate out of the S2 and S4 binding pockets, respec-

tively, prior to ligand binding. Together, the molecu-

lar dynamics data show increased fluctuations in

three active site loops, L1, L3, and L4, and in the P3

glutamate of Casp3a compared to the human

enzyme. The amino acid substitutions described

above (Figs. 3 and 4) change the hydrogen-bonding

networks in the active site as well as the hydropho-

bicity of L4, likely resulting in the increased fluctua-

tions observed in zebrafish Casp3a.

Figure 5. Molecular dynamics simulations of zebrafish Casp3a. Root mean square fluctuations (RMSF) were determined for

zebrafish Casp3a from 50 ns MD simulations. Active site loops and surface helices are labeled. Panels A and B represent the

two protomers in the dimer. Data are shown as the change in RMSF, calculated as DRMSF5(RMSF(Casp3a) – RMSF(CASP3)).

Fluctuations in P4-P1 residues for human (Panel C) or zebrafish (Panel D) caspase 3. The starting position, determined from the

X-ray crystal structure is shown in gray versus the position at 28.9 ns of the simulation (orange).
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Conclusions
We have shown that zebrafish Casp3a is structurally

very similar to human CASP3, with an RMSD of

0.46Å. Several substitutions in or near the active

site affect active site dynamics and result in fewer

and/or weaker hydrogen bonds to the P3 and P4

amino acids of the substrate, likely resulting in plas-

ticity of the P4 site. From phage-substrate display

methods, we observe that both Casp3a and CASP3

demonstrate substrate specificity of DNLD and that

Casp3a accommodates valine or aspartate equally

well at the P4 position of the substrate. Similar to

data described by Liu and colleagues,12 Casp3a may

overlap functionally with caspase-6 in zebrafish, and

they also observed cleavage of the caspase-6 sub-

strate, VEID, by Casp3a.

The structural studies reported here demon-

strate that zebrafish Casp3a is very similar to

human CASP3 with the noted exceptions in sub-

strate binding. The common allosteric site in the

central cavity of the dimer interface, described in

human caspases,45,46 appears to be conserved in

Casp3a. A known phosphorylation site in human

CASP3, S150, is also conserved in Casp3a [Fig.

1(A)]. We note, however, that a unique allosteric site

described in human caspases-6 (CASP6)50 and

caspase-7 (CASP7)51 differs between CASP3 and

Casp3a. In human CASP6, the site evolved for zinc

binding, while the site appears to have evolved for

peptide binding in human CASP7. In human

CASP3, several amino acid substitutions prevent

either zinc or peptide binding.1 A comparison of the

amino acids in the site suggest that the site in

zebrafish Casp3a is more similar to that of human

CASP7 than CASP3 or CASP6, although to date no

peptides have been observed to bind at this site.

Figure 6. Fluctuations in the caspase 3 active site. For human CASP3 (Panels A-B) or zebrafish Casp3a (Panels C-D), fluctua-

tions for three active site residues are shown as 200 frames (at 250 ps intervals) of the 50 ns simulation. In the absence of

inhibitor (Panels B and D), Y204 (Panel B) or Y209 (Panel D) occupy the S2 site, while in zebrafish Casp3a (Panel D), W211

occupies the S4 site. The position of the inhibitor is shown as sticks in Panels A and C and as semi-transparent in Panels B

and D for reference.
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The zebrafish model offers a number of advan-

tages over mouse and rat models in studies of dis-

ease development in vertebrates. The similarities

between zebrafish Casp3a and human CASP3 shown

here suggest that zebrafish Casp3a may respond to

various drugs in a similar fashion to human CASP3.

It will be of interest to compare the structures and

activities of zebrafish Casp3a and Casp3b to deter-

mine if subfunctionalization has occurred for these

paralogues. Finally, these data further validates the

use of zebrafish caspases in developmental and apo-

ptosis assays.

Materials and Methods

Cloning, expression, and purification. Total

RNA was isolated (Trizol, Invitrogen) from a

single adult zebrafish from the AB line and reverse

transcribed to generate cDNA using SuperScript III

Reverse transcriptase (Invitrogen). An initial full-

length casp3a amplicon was generated from

this cDNA by PCR using Titanium Taq DNA

polymerase (Clontech) with a forward primer

(CTCGTTAAGCGGTTGGAGATG) and a reverse

primer (CAAAGTTTCCCTGGTGGTTTTA) that incor-

porated the translational start and stop codons,

respectively. This amplicon was generated using a

“touch-down” PCR strategy during which the anneal-

ing temperature was lowered from 658C to 558C by

0.58C per cycle for 20 cycles and then an additional

20 cycles were completed with a 558C annealing tem-

perature. This amplicon was then used as the tem-

plate to reamplify casp3a in a second PCR reaction

using Platinum Pfx DNA polymerase (Invitrogen)

with nested primers that introduced restriction sites

to the ends of amplicon. The forward nested primer

introduced a 5’ NdeI restriction site (GACTCATAT-

GAACGGAGACTGTGTGGAC) and the reverse

nested primer replaced the casp3a stop codon with a

XhoI restriction site (GATCCTCGAGAGGAGTGAAG-

TACATCTC). This amplicon was generated using a

PCR strategy using 30 cycles and an annealing tem-

perature of 558C. The final amplicon was digested

with NdeI and XhoI and ligated into the NdeI and

XhoI sites of pET-21b (EMD Millipore) resulting in a

vector encoding Casp3a with a carboxyl-terminal His-

Tag. This Casp3a sequence differs from the reference

sequence (NP_571952) by three residues at positions

57 (N->D), 180 (T->P), and 190 (E->V) and has been

deposited in the GenBank database (accession

KX084794). Escherichia coli BL21(DE3)pLysS cells

were transformed with the plasmid, and Casp3a pro-

tein was expressed and purified as previously

described for human CASP3.36,38,52

Enzyme activity assays

Initial velocity of substrate cleavage was measured

at 258C in a buffer of 150 mM Tris-HCl, pH 7.5,

50 mM NaCl, 0.1% CHAPS, 1% sucrose and 10 mM

DTT in the presence of varying concentrations of Ac-

DEVD-AFC or Ac-VEID-AMC substrates, as

described previously for human CASP338,52 and cas-

pase-6.39 The total reaction volume was 200 lL and

the final enzyme concentration was 10 nM. Follow-

ing the addition of substrate, the samples were

excited at 400 nm and emission was monitored at

505 nm for 60 s. The steady-state parameters, KM

and kcat, were determined from plots of initial veloci-

ty versus substrate concentration.

Phage display substrate libraries and selection
Caspase substrate libraries were constructed with

an amino-terminal hexa-histidine sequence used to

bind the phage to a Ni-NTA resin followed by a ran-

domized caspase substrate sequence and the

carboxyl-terminal domain of M13 gene III. Each

phage particle displays a unique caspase substrate

sequence. Phage displaying this library of fusion

proteins were bound to the Ni-NTA resin, washed to

remove unbound phage and then treated with cas-

pase. Phage containing a good caspase cleavage site

were released from the resin whereas phage with

sequences that are resistant to cleavage by caspase

remain bound to the resin.

The oligonucleotide sequences shown in Sup-

porting Information Table S1 were used to generate

three control sequences and two random libraries by

annealing the oligonucleotide to a modified single-

stranded M13 SAM33 DNA vector for introduction of

sequences to the pIII gene, introducing the vector

into E. coli SS320 cells by electroporation, and grow-

ing cells in 2XYT media.53 After electroporation,

1 mL of SOC media was added to the mixture of

electroporated cells, and the solution was trans-

ferred to a culture containing 30 mL of SOC media

at 378C. To determine the diversity of the phage dis-

play library, a sample was removed from the culture

after 25 minutes of incubation, used in a 10-fold

dilution series, and each dilution plated on a lawn of

E. coli cells to determine the phage titer. The titer

represents the number of cells originally trans-

formed with phage DNA and therefore the diversity

of peptide sequences represented in the phage

library. The remaining culture was added to 1 L of

2XYT media and placed in a shaking incubator at

378C overnight. After overnight growth, the culture

was centrifuged at 8,000 rpm for 20 min to remove

cells. The phage in the supernatant were recovered

by precipitation: addition of 0.25 volumes of a solu-

tion of 30% PEG-8000, 1.5M NaCl, followed by incu-

bation on ice for 1 h and then centrifugation at

10,000 rpm for 20 min. The supernatant was dis-

carded and the phage pellet was resuspended in

PBS. The phage titer was determined, and the

phage library was stored at 48C. For long-term
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storage, glycerol was added to 20% final concentra-

tion and the phage library was stored at 2808C.

For phage selection, Ni-NTA sepharose beads

(100 lL; HisPurTM, Thermo Scientific) were centri-

fuged at 14,000 rpm for 1 min, the supernatant was

removed, and the pelleted resin was resuspended in

1 mL blocking buffer (1% BSA, 1X PBS, 1M NaCl,

and 0.1% Tween-80) in a 1.5 mL microcentrifuge

tube. After incubation for 1 h on a rotator at room

temperature, the resin was centrifuged at

14,000 rpm for 1 min, the supernatant was removed,

and the pelleted resin was resuspended in 250 lL of

blocking buffer. A sample of the phage library (250

lK;> 109 pfu) was added, and the resin plus phage

were mixed at room temperature on a rotator for 45

min. The resin was pelleted by centrifugation, the

supernatant removed, and the pelleted resin was

washed 10 times with 1 mL of wash buffer (1X PBS,

1M NaCl, and 0.1% Tween-80) followed by centrifu-

gation and removal of the wash buffer each time.

The resin was then washed 3 times with 1 mL of 1X

PBS. Nonspecifically bound and unbound phage

were removed with the 13 wash steps described

above. After the final wash step, caspase-3 (500 lL

of a 500 nM solution) was added to the tube, and

the reaction was carried out at room temperature

for 4 h. Following incubation with the protease, the

solution was centrifuged (1 min at 14,000 rpm), and

the supernatant containing the released phage par-

ticles was collected. An aliquot of the phage-

containing supernatant (10 lL) was removed and

used to determine the phage titer. The remainder of

the released phage were added to 3 mL of 2XYT

media that also contained 60 lL of an overnight cul-

ture of E. coli ER2738 cells, and the solution was

incubated at 378C with shaking for 4 2 5 h. After

growth, the cells were removed by centrifugation

and the amplified phage in the supernatant were

ready for the next round of selection. To start the

round of selection, the amplified phage (250 lL;

>109 pfu) were added to Ni-NTA sepharose resin as

described above. To determine the number of phage

that were released from the resin without protease

treatment, one sample was left untreated and incu-

bated in PBS for 4 hours at room temperature. Addi-

tionally, a sample was incubated with 500 lL of

250 mM imidazole to release all phage that were

bound to the Ni-NTA resin.

To determine the phage titer, phage-containing

samples were mixed with 100 lL of an overnight

culture of E. coli ER2738 cells, added to 3 mL of

molten 2xYT top agar at 508C that contained 2% X-

gal and 2% IPTG and then plated onto 2xYT agar

plate. After the top agar solidified, the plates were

incubated overnight at 378C. To characterize individ-

ual phage, plaques were picked, added to 3 mL of

2xYT broth with 30 lL of an overnight culture of E.

coli ER2738 cells and grown for 4 hours with

shaking at 378C. The cells were removed by centrifu-

gation, and the phage-containing supernatant was

used in PCR amplification of the DNA encoding the

putative protease substrate sequence. The PCR

amplification was performed using 25 lL of 2x Taq

Master mix (Econ-Taq Plus, Lucigen), 18 lL of H2O,

5 lL of phage-containing supernatant, 1 lL of gene

III primer (TTTTTTTTGGAGATTTTCAACGTG) and

1 lL of -96 primer (CCCTCATAGTTAGCGTAACG)

for 30 cycles at 958C for 30 s, 508C for 45 s, and

728C for 60 s. The PCR products were purified using

a PCR purification kit (QiaQuick, Qiagen). DNA

sequence of the PCR products was determined using

the gene III primer (Eton Biosciences). From the

DNA sequence, the peptide sequence of the caspase

substrate site was deduced.

Crystallization and data collection

Zebrafish Casp3a was crystallized as described pre-

viously for human CASP3.37,48,54 Briefly, Casp3a

was dialyzed in a buffer of 10 mM Tris-HCl, pH 8.5,

and 1 mM DTT. The protein was concentrated to

10 mg/mL and inhibitor, Ac-DEVD-CMK (reconsti-

tuted in DMSO) was added at a 5:1 (w/w) inhibitor/

protein ratio. Crystals were obtained at 188C by the

hanging drop vapor diffusion method using 4 lL

drops that contained equal volumes of protein and

reservoir solutions over a 0.5 mL solution of

100 mM sodium citrate, pH 5.1, 17.5% PEG 6000,

10 mM DTT, and 3 mM NaN3. Crystals appeared

within 14 days and were briefly immersed in cryo-

genic solution containing 10% MPD (2-methylpen-

tane-2,4-diol) and 90% reservoir solution. Data sets

were collected at 100 K at the SER-CAT synchrotron

beamline (Advance Photon Source, Argonne Nation-

al Laboratory, Argonne, IL). The Casp3a crystallized

with the symmetry of the orthorhombic space group

P212121 and was phased with a previously published

human CASP3 structure (PDB entry 2J30). The

inhibitor and all water molecules were removed

from the initial model and all B-factors for protein

atoms were set to 20 A3. Inhibitor and water mole-

cules were added in subsequent rounds of refine-

ment performed with COOT55 and Phenix56 and

were positioned based on 2Fo -Fc and Fo -Fc elec-

tron density maps contoured at the 1r and 3r levels

respectively. A summary of the data collection and

refinement statistics is shown in Table S4.

Molecular dynamics simulations
Molecular dynamics simulations were performed as

described previously37 with GROMACS 4.5,57 using

the Amber99 force field58 and the TIP3P water mod-

el.59 All simulations started with the structure

obtained from X-ray crystallography, as described

above, and the P1 position of the inhibitor was

substituted with aspartate. For simulations in the

absence of inhibitor, Ac-DEVD-CMK inhibitor was
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removed from the structure file. As described previ-

ously for human CASP3,37 the proteins were solvat-

ed in a periodic box of 62 Å x 48 Å x 66 Å, with

approximately 13,500 water molecules. Sodium or

chloride ions were added as required to neutralize

the charge on the system. The system was first min-

imized using steepest descent, and then the waters

were relaxed during a 20 ps MD simulation with

positional restraints on the protein. Simulations of

50 ns were then run for each protein (with inhibitor

present or with inhibitor absent) under constant

pressure and temperature (300 K). A time step of 2

fs was used, and coordinates were saved every 5 ps.

In each simulation, the protein was equilibrated

within 500 ps.

Accession number
Protein data bank accession number for zebrafish

caspase-3a: PDB ID 5JFT.
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