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Background: Ycal is a metacaspase and plays an important role in cell death of the yeast Saccharomyces cerevisiae.
Results: Crystal structure of Ycal reveals a monomeric architecture that differs significantly from other canonical caspases.
Conclusion: Both catalytic mechanism and function of Ycal may be distinct from canonical caspases.

Significance: This structure offers insights into metacaspase function.

Ycal, the only metacaspase in Saccharomyces cerevisiae, is
thought to be a clan CD cysteine protease that includes the
caspase subfamily. Although yeast is a single cell eukaryote, it
can undergo a cell death process reminiscent of apoptosis. Ycal
has been reported to play an important role in the regulation of
such apoptotic process. However, the structure and functional
mechanism of Ycal remain largely enigmatic. In this study, we
report the crystal structure of the Ycal metacaspase at 1.7 A
resolution, confirming a caspase-like fold. In sharp contrast to
canonical caspases, however, Ycal exists as a monomer both in
solution and in the crystals. Canonical caspase contains six
B-strands, with strand 36 pairing up with 36 of another caspase
molecule to form a homodimerization interface. In Ycal, an
extra pair of antiparallel -strands forms a continuous -sheet
with the six caspase-common f-strands, blocking potential
dimerization. Ycal was reported to undergo autocatalytic process-
ingin yeast; overexpression in bacteria also led to autoprocessing of
Ycal into two fragments. Unexpectedly, we found that both the
autocatalytic processing and the proteolytic activity of Ycal are
greatly facilitated by the presence of calcium (Ca>*), but not other
divalent cations. Our structural and biochemical characterization
identifies Ycal as a Ca”*-activated cysteine protease that may
cleave specific substrates during stress response in yeast.

Yeast apoptosis was first reported in a Saccharomyces cerevi-
siae Acdc48 mutant strain in 1997 (1). Since then, a number of
apoptosis-related genes have been discovered and character-
ized in yeast, including the caspase-like protease Ycal (2), the
inhibitor of apoptosis (IAP)? Birl (3, 4), the apoptosis-inducing
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factor Aifl (5, 6), the BH3-containing Bcl-2 family homologue
YBP (7), and others (8). To date, Ycal, also known as Mcal (2)
and Yor197w (9), remains the only identified metacaspase in
S. cerevisiae. Ycal isa clan CD cysteine protease (10), which has
a protein fold similar to that of the canonical caspases. Specifi-
cally, Ycal is classified as a type I metacaspase (11), with a char-
acteristic N-terminal prodomain that is thought to be cleaved
off upon activation. Although yeast is a single cell eukaryote, it
is widely believed to undergo programmed cell death, or apo-
ptosis, in response to detrimental environmental cues (6,
12-15). Consequently, early skepticism on yeast apoptosis has
now been replaced by systematic investigation on the genetic
and biochemical pathways that control the onset of apoptosis in
yeast.

Ycal appears to be a positive regulator of apoptosis upon
stress induction by hydrogen peroxide, acetic acid, and toxin (6,
12-15). Nuclear localization of poly(Q) expansions in S. cerevi-
siae was abolished inAycal-null mutant strain, blocking apo-
ptosis (16). Despite these advances, how Ycal facilitates apo-
ptosis remains largely unknown. Ycal is thought to be a
functional protease (17); however, its substrate proteins are yet
to be identified. It is also unclear what triggers the protease
activity of Ycal and whether it can be inhibited by other cellular
factors. Ycal has also been reported to play a role in apoptosis-
unrelated cellular processes. For instance, inactivation of Ycal
was shown to result in longer G,/S transition and down-regu-
lation of Ycal bypassed the G,/M checkpoint upon nocodazole
treatment (18). In addition, the N-terminal poly(Q/N) prodo-
main of Ycal was found to be critical for clearance of insoluble
protein aggregates (19).

The N-terminal prodomain of Ycal, containing Asn/Gln-
rich sequences, was reported to exhibit a biochemical property
of self-aggregation (20). The catalytic His-Cys dyad required for
proteolytic activity is predicted to be highly conserved among
metacaspases and canonical caspases in metazoan. Supporting
this notion, Ycal was reported to undergo autoproteolytic
processing to yield a large subunit and a C-terminal small sub-
unit of ~12 kDa (9). In sharp contrast to canonical caspases, but
similar to other metacaspases, Ycal appears to cleave artificial
peptide substrates after positively charged amino acids Arg and
Lys (21). Nevertheless, no physiologically relevant substrate of
Ycal has been identified. Using bacterial cell lysate that con-
tained overexpressed Ycal protein, Silva et al. (22) identified
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Structure of Ycal

glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as a
putative Ycal substrate. Ycal does not appear to directly inter-
act with Birl or the yeast Omi/HtrA homologue Nmalll (4).
In this study, we report the crystal structure of the full-length
yeast metacaspase Ycal at 1.7 A resolution. The overall struc-
ture is quite similar to canonical caspases. However, unlike
canonical caspases, Ycal exists as a monomer both in solution
and in the crystals. Structural analysis provides a satisfying
explanation to this observation. We serendipitously found that
the autoproteolytic processing of Ycal is greatly facilitated by
the presence of Ca®>". We reconstituted an in vitro proteolysis
assay using the Birlp protein as an artificial substrate and
showed that the proteolytic activity of Ycal is also markedly
stimulated by Ca>". These biochemical observations, together
with structural analysis, provide a framework for deciphering
the roles of Ycal in yeast apoptosis and other cellular processes.

EXPERIMENTAL PROCEDURES

Protein Expression and Purification—The full-length, wild-
type Ycal (GenBank™ ID: 854372) and substrate Birl frag-
ments (GenBank ID: 853551) were subcloned from S. cerevisiae
$288C genomic DNA into pET15b and pET21b vectors (Nova-
gen), respectively, using standard PCR-based protocols. Identi-
ties of individual clones were verified by double-strand plasmid
sequencing. Mutagenesis of Ycal was performed using the two-
step PCR method and verified by plasmid sequencing. All pro-
teins were overexpressed in Escherichia coli BL21 (DE3) at 22 or
30 °C. The soluble fraction of bacterial lysate was purified by
nickel-nitrilotriacetic acid affinity chromatography (Qiagen)
followed by ion exchange chromatography (Source-15Q or
Source-15S, GE Healthcare) and gel filtration (Superdex-200,
GE Healthcare). Protein concentrations were determined by
UV spectroscopic measurement at 280 nm.

Crystallization, Data Collection, and Structure Determina-
tion—The full-length, wild-type Ycal was concentrated to ~7
mg/ml after gel filtration. Limited proteolysis was performed
before crystals were grown at 18 °C using the hanging-drop
vapor diffusion method. Diamond-shaped wild-type Ycal pro-
tein crystals appeared after 30 days in buffers containing 0.8 M
potassium phosphate monobasic and 0.8 M sodium phosphate
monobasic. Crystals were harvested and flash-frozen in a well
buffer containing 20% glycerol.

Diffraction data were collected at the Shanghai Synchrotron
Radiation Facility (SSRF) and integrated and scaled with the
HKL-2000 package (23). The structures were determined by
molecular replacement using PHASER (24) with the atomic
coordinates of GSU0716 (Protein Data Bank (PDB) code 3BIJ
(www.pdb.org)) as the initial search model. Model building and
structure refinement were performed using COOT (25) and
Phenix (26), respectively.

Enzymatic Assays—The full-length, wild-type Ycal or
mutant C276A was incubated with or without substrate at 18 °C
overnight or otherwise indicated in a buffer containing 20 mm
Tris (pH 8.0) and 150 mwm NaCl in the presence or absence of
CaCl,. Proteins were resolved on 16% SDS-PAGE gel and
stained by Coomassie Blue G250.
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RESULTS

Structure of Ycal—To decipher the function and mechanism
of Ycal, we overexpressed the full-length (residues 1-432),
wild-type (WT) Ycal in E. coli and biochemically purified the
protein to homogeneity. The elution volume of Ycal corre-
sponds to an apparent molecular mass of ~35 kDa (supplemen-
tal Fig. 1A4), suggesting that Ycal may exist in solution as a
monomer. Confirming a previous study (9), the recombinant
Ycal protein contains a large subunit and a small subunit (sup-
plemental Fig. 1A). Presumably, Ycal had been autocatalyti-
cally processed. To determine the site(s) of autoprocessing, we
subjected the small subunit to N-terminal peptide sequencing
analysis, which yielded two sequences, NH,-Thr-Val-Lys-Gly-
Gly-COOH and NH,-Gly-Gly-Met-Gly-Asn-COOH. This
analysis suggests that autoprocessing of Ycal may occur at the
carboxyl end of Lys**' and Lys®*** (supplemental Fig. 1B).

The N-terminal sequences of Ycal are quite hydrophilic and
presumably flexible, with 22 Gln, 12 Asn, 11 Gly, and 16 Pro
residues in the N-terminal 100 amino acids. Prior to crystalli-
zation, the two-subunit Ycal was treated with a trace amount of
V8 protease, which readily removed the N-terminal 83 amino
acids in Ycal. The resulting Ycal protein was crystallized in the
space group H3, with one molecule of Ycal in each asymmetric
unit. Sequence analysis indicated sequence homology between
Ycal and an uncharacterized protein GSU0716 from Geobacter
sulfurreducens for which an atomic structure is available (PDB
code 3BIJ (www.pdb.org)). The structure was hence deter-
mined by molecular replacement and refined at 1.68 A resolu-
tion (Table 1).

The structure of Ycal comprises a centrally located eight-
stranded B-sheet, with three a-helices (a1, a4, and «5) on one
side and two (a2 and a3) on the other side (Fig. 1). A B-hairpin,
comprising 3a and 33b, and a short a-helix a2a are located
between strand 33 and helix a3, close to the active site of Ycal
(Fig. 1A). By convention of the caspase active site definition
(27), Ycal contains three well ordered loops L1, L2, and L4. L1
and L4 constitute two opposing sides of a putative substrate-
binding groove. The putative catalytic residue Cys>’® is located
on the L2 loop, spatially between L1 and L4. The L3 loop, which
serves as the base of the substrate-binding groove, is disordered
in the structure.

Structural Comparison with Caspases—The overall structure
of Ycal conforms to the caspase fold. Specifically, the contigu-
ous, six-stranded B-sheet (comprising B1-34, 37, and 38) and
the helices al—a5 represent exactly the core caspase fold that is
present in every caspase structure (27). However, there are
important structural differences between Ycal and caspases.
The most prominent difference is the presence of two extra
B-strands, B5 and 36, in Ycal, but not in canonical caspases
(Fig. 1B). Strands 35 and 6 in Ycal occupy the same general
spatial location as that of the adjacent caspase molecule in the
case of a caspase homodimer (supplemental Fig. 2). This anal-
ysis nicely explains why Ycal cannot form a homodimer similar
to that of canonical caspases.

Ycal can be superimposed reasonably well with representa-
tive caspases, such as caspase-3 (28) and caspase-9 (29), and the
paracaspase MALT1 (30) (Fig. 24). The active site is bound by a
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TABLE 1
Data collection and refinement statistics

One crystal was used for this structure. Values in parentheses are for the highest
resolution shell.

Data collection

Source . SSRF BL17U
Wavelength (A) 0.99582
Space group H3
cell dimensions
a,b,c(A) 114.60, 114.60, 62.11
a, B,y () 90.00, 90.00, 120.00
Resolution (A) 50-1.68 (1.74—1.68)
Mosaicity 0.19-0.46
Riperge” (%) 55 (26.8)
/ol 32.9 (8.2)
Completeness (%) 99.2 (93.6)
Redundancy 5.5(5.6)
Refinement
Resolution (A) 33-1.68
No. of reflections 34,430
Ryl Reved” (%) 17.04/18.72
No. of atoms 2414
Protein 2131
Ligand/ion 15
Water 268
B-factors 23.52
Protein 22.68
Ligand/ion 13.83
Water 30.70
r.m.s. deviations
Bond lengths A) 0.008
Bond angles (°) 1.197
Ramachandran plot statistics® (%)
Most favored 91.1
Additional allowed 8.9
Generously allowed 0.0
Disallowed 0.0
“ Rerge = 3,20, — L|/Z,2.4,, » where I, is the mean intensity of the i observa-

tions of symmetry related reflections of /.

PR = Z|F ps — Feaicl /2F e where F . is the calculated protein structure factor

from the atomic model (R, was calculated with 5% of the reflections selected
randomly).
¢ Ramachandran plot was performed by Procheck.

covalent inhibitor in the vast majority of caspase structures; in
Ycal, however, the active site remains unoccupied (Fig. 2B).
Notably, the sequence homology between Ycal and other
caspases is quite low, with 10.2%/11.4% identity between
caspase-3/caspase-9 and Ycal and 10.1% between Ycal and
MALT1. Due to these large extents of sequence divergence,
there are important structural variations between Ycal and
other caspases. One important measurement of structural var-
iation is root mean square deviation (r.m.s.d.). The r.m.s.d. is
7.45 A between Ycal and caspase-3 over only 62 aligned Ca
atoms (Fig. 2C, left panel), whereas the value is 7.61 A between
Ycal and caspase-9 for 127 Ca atoms (Fig. 2D, left panel). The
structural variation between Ycal and the paracaspase MALT1
is even greater, with an r.m.s.d. of 10.5 A over 58 aligned Ca
atoms (Fig. 2E, left panel). These structural differences are con-
siderably larger than those between different classes of canon-
ical caspases. For example, human caspase-3 can be superim-
posed with caspase-9 with an r.m.s.d. of 0.764 A over 200
aligned Ca atoms.

When compared with canonical caspases, Ycal also exhibits
a distinct conformation at the active site. Most notably, the L2
loop of Ycal, which harbors the catalytic residue Cys>’®, turns
inward, becoming part of the core structure (Fig. 2B); L2 is
followed by an extended sequence and a pair of 3-strands (Fig.
1). By sharp contrast, the L2 loop of caspase-3 or caspase-9
extends outward, away from the core structure (Fig. 2, Cand D,
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right panels; supplemental Fig. 3). Consequently, the L2 loop in
caspase-3 or -9 is involved in the formation of the loop-bundle
interactions, which play an essential role for sustaining the
robust proteolytic activity of caspase-3 or -9 (27, 31, 32). The
inward-turning feature of the L2 loop in Ycal is shared by
the paracaspase MALT1 (Fig. 2E, right panel; supplemental Fig.
3). However, unlike MALT1, which forms a stable homodimer
in the presence of peptide inhibitor (30), Ycal is unable to form
the same type of homodimer due to the presence of two extra
B-strands (supplemental Fig. 2).

Calcium-dependent Autoprocessing and Activity—A recent
study showed that the Arabidopsis metacaspase AtMCP2d
strictly requires Ca®" for its proteolytic activity in vitro (33),
suggesting a critical role for Ca>" in the catalytic mechanism.
Recombinant WT Ycal is already autocatalytically processed
(supplemental Fig. 1). We serendipitously discovered that upon
incubation with Ca®", the large subunit of Ycal was further
processed into two smaller, 36-kDa fragments (Fig. 34). N-ter-
minal peptide sequencing of these two fragments revealed that
the autoprocessing occurred after Arg’> and Lys®® (data not
shown). Supporting this conclusion, single mutation of Arg”? or
Lys®® reduced the doublet to a single band, whereas simultane-
ous mutation of Arg’? and Lys®® led to complete absence of the
doublet (supplemental Fig. 4). The conversion of the Ycal large
subunit to the two smaller fragments becomes increasingly
more complete at higher concentrations of Ca®>" (Fig. 34). To
examine whether other divalent cations may have a similar
effect, we tested six additional metal ions: Mg>*, Zn>*, Mn>",
Ni**, Ba>*, and Co>". The results unambiguously showed that
only Ca®" specifically enhanced the autocatalytic processing of
Ycal (Fig. 3B).

In fruit flies, cleavage of the inhibitor of apoptosis protein
DIAP1 by activated caspases constitutes an important regula-
tory mechanism for cell death (34). Because Birlp contains two
baculovirus IAP repeat (BIR) domains and might be an IAP
homolog, we examined whether Birlp could be a substrate of
the Ycal metacaspase. In the absence of Ycal or Ca®*, the Birlp
fragment 1-251 remained intact (Fig. 3C, lanes 1-3). In the
presence of 10-50 mm Ca®", Birlp (residues 1-251) was
cleaved into a fragment of slightly smaller molecular mass (Fig.
3C, lane 4). The extra fragment is different from the doublet of
36 kDa derived from the Ycal large subunit (Fig. 3C, right
panel). The C-terminal sequences of Birlp (1-251)
**3RNRFERIKN?*! contain four Arg and Lys residues, which
represent potential cleavage sites for Ycal. In particular, Ile**°—
Lys®*° of Birlp is similar to the Ycal sequences Phe?*°~Lys**!
and Val®*3-Lys**%, with a hydrophobic residue preceding Lys.
This analysis suggests that the cleavage site of Birlp is likely to
be at its C terminus. Supporting this prediction, Birlp (residues
1-242) was no longer cleaved by Ycal (Fig. 3C, lanes 7-10).

These results strongly suggest that calcium may be required
not only for the autocatalytic processing of Ycal (Fig. 34), but
also for the maintenance of its catalytic activity. To examine the
latter scenario, we obtained the fully autoprocessed Ycal by
incubating Ycal with 10 mm Ca®”" for 12 h. Then we removed
Ca®" and examined the catalytic activity of the autoprocessed,
Ca®"-free Ycal. Supporting our conclusion, cleavage of the
Birlp fragment (residues 1-435) by the autoprocessed Ycal
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Structure of Ycal
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FIGURE 1. Structure of Yca1. A, graphic representation of the Ycal structure in two perpendicular views. The core structure contains five a-helices (colored
magenta) and eight B-strands (blue), which form a central B-sheet sandwiched by the a-helices. Secondary structural elements, active site loops L1 and L4, and

the catalytic residue Cys”®

are labeled. B, sequence alignment among Yca1, canonical caspases (caspase-3 and caspase-9), and the paracaspase MALT1 (30).

Color-coded secondary structural elements for Yca1 are indicated above the sequences. The putative catalytic dyad residues Cys-His are colored red. Sites of
activation cleavage in caspases-3 and -9 are indicated by red triangles. Sites of autoprocessing in Ycal are marked by red arrows. Figs. 1A, 2, and 4A were

prepared using PyMOL (36).

was greatly accelerated by increasing concentrations of Ca*"
(Fig. 3D, lanes 2— 6). When compared with the fragment 1-251,
the larger Birlp fragment 1— 435 allows better separation of the
cleavage products from the uncleaved fragment. In addition,
only Ca®", but not any other divalent cation tested, was able to
enhance substrate cleavage by Ycal (Fig. 3E).

Catalytic Residues—Sequence alignment with other caspases
reveals two invariant amino acids, Cys*’® and His**°, in Ycal,
which may constitute the catalytic dyad residues (Fig. 1B).
Interestingly, however, the Neatom of the His*** imidazole ring
is ~9.2 A away from the Sy atom of Cys*’®, whereas the dis-
tance between His?”’-Ne and Cys®’°-Sy is 5.8 A (Fig. 44). To
clearly identify the catalytic residues, we generated three mis-
sense mutations, each targeting a candidate amino acid in the
active site, and purified these three mutant proteins to homo-
geneity. In sharp contrast to the WT Ycal, the mutants C276A
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and H220A failed to undergo Ca®*-stimulated autoprocessing
(Fig. 4B, lanes 1-6). The mutant H277A, however, was further
processed in the presence of Ca®>* (Fig. 4B, lanes 7and 8). These
results indicate that Cys*”® and His**° constitute the catalytic
dyad residues. When compared with a hydrogen bond distance
required for catalysis, the longer distance between Cys>’® and
His**° might be circumvented by a local conformational change
induced by substrate binding.

Curiously, despite mutation of the candidate catalytic resi-
dues Cy5276 and His**°, the purified mutants each contained a
fraction of autoprocessed large fragment (Fig. 4B, lanes 3 and
5). At present, it remains unclear what caused the processing of
these Ycal mutants. It is possible that processing of Ycal
mutants might be carried out by other proteases in cells; in this
case, such cleavage likely occurred during cell growth because
use of multiple protease inhibitors during Ycal purification
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L4

FIGURE 2. Structural comparison of Yca1l with caspases and the paracaspase MALT1. A, structural overlay of Ycal (blue), caspase-3 (green), caspase-9
(magenta), and MALT1 (yellow). B, a close-up view of the active site of Ycal. Among the four active site loops, L1, L2, and L4 exhibit well defined conformation.
A large portion of the L3 loop (dotted line), however, is disordered, likely due to its flexible nature in the absence of substrate binding. C, comparison of Yca1l
(PDB code 4F60) with caspase-3 (PDB code 1CP3 (28)). A close-up view on the caspase-3 active site is shown. The covalently bound inhibitor acetyl-Asp-Val-
Ala-Asp-fluoromethyl ketone (Ac-DVAD-fmk) is highlighted in orange. D, comparison of Yca1 with caspase-9 (PDB code 1JXQ (29)). A close-up view on the
caspase-9 active site is shown. The covalently bound inhibitor benzyloxycarbonyl-Glu-Val-Asp-dichlorobenzylmethyl ketone (z-EVD-dcbmk) is highlighted in
cyan. E, comparison of Ycal with the paracaspase MALT1 (PDB code 3UOA (30)). A close-up view on the MALT1 active site is shown. The covalently bound

inhibitor benzyloxycarbonyl-Val-Arg-Pro-Arg (z-VRPR-fmk) is highlighted in purple.

failed to reduce such processing. Nonetheless, neither mutant
Ycal-C276A nor mutant Ycal-H220A was able to cleave the
Birlp substrate (residues 1-435), regardless of the absence or
presence of calcium (Fig. 4C, lanes 3—6). By contrast, the
mutant Ycal-H277A retained the ability to cleave the Birlp
substrate (Fig. 4C, lanes 7 and 8).

Structural Comparison with MCA2—In the final stage of our
manuscript preparation, we noted the online publication of a
similar study (35), which reported the crystal structures of a
metacaspase MCA?2 in Trypanosoma brucei. In that study, the
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structure of the MCA2 catalytic mutant, C213G or C213A, was
captured in either free or samarium-bound conformation (35),
where the samarium-binding site was proposed to be occupied
by calcium. The amino acid sequences of Ycal are 24.9% iden-
tical to those of MCA2. The core structures of Ycal and MCA?2
are very similar, with an r.m.s.d. of 2.3 A over 177 aligned Ca
atoms between Ycal (PDB code 4F60) and the free MCA2-
C213G (PDB code 4AF8). Ycal can be superimposed to samar-
ium-bound MCA2 (PDB code 4AFP) with an r.m.s.d. of 2.6 A
over 196 aligned Ca atoms (Fig. 5A4).
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FIGURE 3. Calcium greatly facilitates the autocatalytic processing and the proteolytic activity of Yca1. A, calcium facilitates the autocatalytic processing
of Ycal in a concentration-dependent manner. Shown here is an SDS-PAGE gel stained by Coomassie Blue. The Ca* concentrations in lanes 1-5 are 25, 12.5,
6.25,3.13,and 1.57 mm, respectively. MIWM indicates molecular mass markers. B, only Ca>*, but not other divalent metal ions, facilitated autoprocessing of Ycal.
The divalent metal ions tested in lanes 1-6 are Co”*, Zn?", Ni?*, Mn?*, Ba®", and Mg?*, respectively. The final concentration of the metal ions was uniformly
10 mmin the reaction. C, Ycal cleaves the substrate protein Bir1p (residues 1-251) in a Ca>*-dependent manner. The substrate protein Bir1p was cleaved only
in the presence of Ca?* (lane 4), producing a slightly smaller fragment. D, calcium facilitates the proteolytic activity of autoprocessed Yca1 in a concentration-
dependentmanner. The Ca?* concentrationsin lanes 2-6are 25, 12.5,6.25,3.13,and 1.57 mm, respectively. The Bir1p fragment contains residues 1-435. E, only
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FIGURE 4. Characterization of active site residues in Yca1. A, a close-up view on the putative catalytic residues Cys®’®, His*?°, and His*’’. B, the mutations
C276A and H220A in Yca1 resulted in complete abrogation of autocatalytic processing in the presence of Ca®". By contrast, the Ycal mutant H277A retained
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FIGURE 5. Structural comparison between Yca1 and MCA2 (35). A, structural superposition of Ycal and MCA2 reveals a conserved overall fold with a similar
active site conformation. Yca1 (PDB code 4F60) and MCA2 (4AFP (35)) are colored blue and beige, respectively. The N-terminal fragment of MCA2, which was
thought to inhibit its protease activity (35), is highlighted in magenta. A close-up view of the active site loops is shown on the right. B, a stereo view of the

structural overlay around the samarium-binding site in MCA2. The four acidic, samarium-binding residues in MCA2 (in brackets) are invariantin Yca1. The four
acidic residues in Yca1 are labeled.

The structural similarity is exemplified in two aspects. First,
in both structures, the active site loops L1 and L4 exhibit nearly
identical conformations (Fig. 5A, right panel). The L3 loop,
which constitutes the base of the substrate-binding groove, is
disordered in both structures. Second, the four samarium-
binding, acidic amino acids in MCA2, Asp'”?, Asp'®?, Asp™®°,
and Asp??, are invariant in Ycal, corresponding to Asp*®,
Asp?®2, Asp®®3, and Asp®®?, respectively. In the structure over-
lay, these amino acids occupy nearly identical positions (Fig.
5B). This analysis suggests that the calcium/samarium-binding
site is conserved between MCA?2 and Ycal.

The main structural difference between Ycal and MCA2 lies
in the N-terminal fragment, which encircles MCA2 and inhib-
its the protease activity of MCA2 (35). There are numerous
interactions between residues in the N-terminal fragment and
the caspase domain of MCAZ2. In Ycal, however, the N-termi-
nal fragment does not bind to the caspase domain detectably
and can be readily removed by limited proteolysis. In addition,
there is no detectable sequence homology between the N-ter-
minal sequences of Ycal and MCA2. Neither the key amino
acid Tyr®! nor the sequence motif Pro®’-Tyr*'-Leu®” in MCAZ2,
which both play an essential role in the proposed autoinhibi-
tion, is conserved in Ycal. Thus it is unlikely that the N-termi-
nal fragment of Ycal also regulates its protease activity through
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autoinhibition. To examine this scenario experimentally, we
generated a truncated variant Ycal-A86, which had the N-ter-
minal 86 amino acids deleted, and a double mutant Ycal-R72A/
K86A. Subsequent protease activity assay reveals that both
Ycal-A86 and Ycal-R72A/K86A exhibited a similar level of
protease activity when compared with the WT Ycal protein
(supplemental Fig. 5).

DISCUSSION

In this study, we report the first crystal structure of a yeast
metacaspase, Ycal from S. cerevisiae, and its biochemical char-
acterization. Our results demonstrate that as anticipated, the
metacaspase adopts a caspase fold, with active site loops
arranged similarly as other caspases. However, important
structural differences exist between Ycal and other caspases.
The most prominent and unique feature of Ycal is an eight-
stranded B-sheet, which presumably precludes the possibility
of homodimerization via the same type of interface as observed
in other caspases (supplemental Fig. 2).

At present, there is insufficient information to determine
whether the autocatalytic processing of Ycal occurs in cis or in
trans. Ycal is processed at a minimum of four sites, namely
Arg”?, Lys®®, Lys®*!, and Lys®**. Understandably, all four amino
acids are located on flexible surface loops that are disordered in
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the crystals. The amino acid that is closest to Lys®® and visible in
the crystal structure of Ycal is Leu®”. However, the distance
between Leu®® and the catalytic residue Cys*”® is ~35 A, which
is beyond the distance spanned by three consecutive amino
acids (Lys®*-Leu®’). This analysis suggests that unless the
structure after Leu® unfolds, autocleavage after Lys®® is
unlikely to be mediated in cis. By a similar analysis, the amino
acid that is closest to Lys**'/Lys®** and structured in the Ycal
crystal is Phe®”'; the distance between Phe®*! and the catalytic
residue Cys*”® is ~26 A, which is less than that spanned maxi-
mally by 17 consecutive amino acids (Lys***~Phe®*') and thus
in principle may allow cis cleavage to occur. Our experimental
evidence indicates that autocleavage at Arg’?/Lys®® can occur
in trans, at least in vitro using purified recombinant proteins
(supplemental Fig. 6).

In contrast to most other caspases, Ycal was crystallized in
the absence of an inhibitor. Consequently, the active site loops
exhibit considerably higher temperature factors (B factors), and
the bulk of the L3 loop is disordered. We suggest that the inhib-
itor-bound conformation of the Ycal active site might be quite
similar to that of the paracaspase MALT1 and further speculate
that a different kind of homodimerization might be utilized for
the autocatalytic processing and perhaps proteolytic activity of
Ycal. Conclusive answers to these questions await future
experiments.

Our biochemical characterization identifies Ycal to be a
Ca®"-activated protease. 1.5 mm Ca>" induced autocatalytic
processing of Ycal (Fig. 34), whereas the Ca®" concentration
range of 2—5 mM was sufficient to support a weak level of the
Ycal protease activity. To make the visual effect more apparent,
we used 10-25 mm Ca®" in our protease assays. We speculate
that the requirement for increased Ca®>" concentrations might
be due to low binding affinity for Ca®>*. Notably, a related study
showed that 50 mm Ca®* is required for activation of meta-
caspase in Arabidopsis (33). Local high Ca®>" concentrations
might offer tight regulation of Ycal protease activity in vivo to
prevent undesirable cell death under normal cell growth con-
ditions or under slightly increased intracellular calcium
concentrations.

Although the structure of a samarium-bound metacaspase
has been elucidated (35), how calcium facilitates the autocata-
lytic processing of Ycal remains unclear. Our in vitro observa-
tion strongly suggests that activation of Ycal in S. cerevisiae
may also be calcium-dependent. In this case, release of calcium
into the cytoplasm might be an important trigger for the acti-
vation of Ycal and its associated biological consequences,
including, perhaps, cell death.
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