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Summary

The model haloarchaeon, Haloferax volcanii possess
an extremely high, and highly specific, basal caspase
activity in exponentially growing cells that closely
resembles caspase-4. This activity is specifically
inhibited by the pan-caspase inhibitor, z-VAD-FMK,
and has no cross-reactivity with other known prote-
ase families. Although it is one of the dominant cellu-
lar proteolytic activities in exponentially growing
H. volcanii cells, the interactive cellular roles remain
unknown and the protein(s) responsible for this activ-
ity remain elusive. Here, biochemical purification and
in situ trapping with caspase targeted covalent inhibi-
tors combined with genome-enabled proteomics,
structural analysis, targeted gene knockouts and
treatment with canavanine demonstrated a catalytic
linkage between caspase activity and thermosomes,
proteasomes and cdc48b, a cell division protein and
proteasomal degradation facilitating ATPase, as part

of an ‘interactase’ of stress-related protein com-
plexes with an established link to the unfolded pro-
tein response (UPR). Our findings provide novel
cellular and biochemical context for the observed
caspase activity in Archaea and add new insight to
understanding the role of this activity, implicating
their possible role in the establishment of protein
stress and ER associated degradation pathways in
Eukarya.

Introduction

Archaea comprise the second major prokaryotic domain of
life (Woese and Fox, 1977; Woese et al., 1990) whose
ubiquity and diversity encompasses metabolically diverse
extremophiles, microbes that have adapted to and thrive in
adverse ecological niches uninhabitable by most living
things (e.g., halophiles, acidophiles, hyperthermophiles),
and in mesophilic (e.g., non-cultivated soil and oceanic
species) environments [reviewed in (Chaban et al., 2006)].
The study of archaea is central to understanding the evolu-
tion of the cellular machinery of eukaryotes and advanced
life, given the deep archaeal roots of eukaryotes (Yutin
et al., 2008; Spang et al., 2015; Spang et al., 2017;
Zaremba-Niedzwiedzka et al., 2017) and shared molecu-
lar, informational processing, and cellular machineries of
the Archaea and Eukarya (e.g. replication, transcription
and translation, membrane blebbing, vesicular biogenesis
and trafficking activities).

Caspases are a family of highly refined, intracellular cys-
teine aspartate-specific proteases that initiate and execute
programmed cell death (PCD) in higher eukaryotes. They
are among the most specific proteases in biological sys-
tems, possessing a conserved domain structure with a
histidine- and cysteine-containing catalytic dyad, generally
displaying strong conservation in amino acid sequence,
and cleaving at specific tetrapeptide motifs, with an abso-
lute requirement of aspartate at the P1 cleavage site
(Stennicke and Salvesen, 1998; Thornberry, 1998; Thorn-
berry and Lazebnik, 1998). A variety of caspases have
been identified in various metazoans, ranging from Hydra
to humans (Cikala et al., 1999; Sanmartin et al., 2005) that
mediate PCD or apoptosis (Aravind et al., 1999). Since the
discovery of classic caspases, a variety of structural and
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functional orthologues, such as metacaspases, orthocas-
pases, paracaspases, phytaspases and saspases have
now been linked to PCD processes in diverse organisms
(Uren et al., 2000; Coffeen and Wolpert, 2004; Sanmartin
et al., 2005; Chichkova et al., 2010; Vartapetian et al.,
2011; Asplund-Samuelsson et al., 2012; Klemencic
et al., 2015).

Until recently, Archaea were absent from the discussion
on the establishment, maintenance and inheritance of cas-
pase proteases, as most of their genomes lack clear
homologues of these proteins (Koonin and Aravind, 2002).
Only five out of 114 euryarcheota contain a single, putative
metacaspase gene based on structural homology, with our
model organism, Haloferax volcanii, not being among
them (Asplund-Samuelsson et al., 2012). At the same
time, our previous work firmly established extremely high,
basal caspase catalytic activity in the archaeon H. volcanii
that was widely distributed among diverse archaeal taxa
[e.g., halophiles, thermophiles, acidophiles;] and was
linked to physiological stress responses (Bidle et al.,
2010). It most closely resembled caspase-4 catalytic activ-
ity, had no cross-reactivity with other known protease fami-
lies, and represented the dominant proteolytic activity in
this model extreme haloarchaeon (Seth-Pasricha et al.,
2013). Collectively, these findings suggest that this activity
plays a fundamental role in the cellular life of these
microbes and provide support for its housekeeping func-
tions, perhaps in association with protein turnover. Given
the archaeal origin of eukaryotes, our work suggests that
this activity possibly served as a foundation for stress path-
ways in higher organisms. Here, we provide evidence that
caspase activity is part of an ‘interactase’ of stress-related
protein complexes in H. volcanii that have an established
link to the unfolded protein response (UPR). Our findings
suggest a possible involvement in the establishment of
protein stress and ER associated degradation pathways in
Eukarya.

Results and discussion

In-situ inhibitor trapping

We used a biochemical, in situ trapping technique that
specifically targets the diagnostic catalytic activity of cas-
pase proteases with a biotinylated, fluoromethyl ketone
(FMK)-based pan-caspase inhibitor (i.e., VAD-FMK) in
combination with streptavidin-coated beads (Tu et al.,
2006; Mohr and Zwacka, 2007) to isolate proteins associ-
ated with caspase activity (i.e., responsible for and/or
interacting with). The irreversible inhibition of caspase
activity with FMK-derivatized peptides stems from the fact
that they resemble the cleavage site of caspase sub-
strates and irreversibly alkylate the cysteine residue in
caspase active sites. We had already established that

25 μM carbobenzoxy-VAD-FMK (z-VAD-FMK) effectively
abolished the high in vivo caspase activities in H. volcanii
cells and cell extracts (Bidle et al., 2010; Seth-Pasricha
et al., 2013). The relative efficacy of caspase inhibitors
[z-VAD-FMK and a biotinylated version of VAD-FMK
(b-VAD-FMK)] was tested on recombinant, purified
human caspase-8 (Supporting Information Fig. S1) and
H. volcanii cell extracts (Fig. 1). The efficacy of biotinylated
FA-FMK (b-FA-FMK), an inhibitor of LLVY-ase

 (93.5%)

 (88%)

 (1.6%)

b-VAD
-FMK

100
75

50

kDa

t
c

art
x

e 
d

eifir
u

p 
yll

aitr
a

p

K
M

F-
D

A
V-

b 
+ r

a
el

c
er

p
t

n
at

a
nr

e
p

u
s

et
ul

e 
nit

oi
b

et
ul

e 
e

ni
c

yl
g 

H
p 

w
ol

W
M 

d
et

al
y

nit
oi

b

W
M 

d
et

al
y

nit
oi

b-
n

o
n

s
d

a
e

b

g
nir

a
el

c
er

p 
m

orf 
s

d
a

e
b

K
M

F-
D

A
V-

b 
+ r

a
el

c
er

p

t
n

at
a

nr
e

p
u

s

et
ul

e 
nit

oi
b

yl
g 

H
p 

w
ol

et
ul

e 
e

ni
c

W
M 

d
et

al
y

nit
oi

b-
n

o
n

s
d

a
e

b

37

t
c

art
x

e 
d

eifir
u

p 
yll

aitr
a

p

A

C

20

  0

40

60

80

100

120

z-VAD
-FMK

AF-blortnoC
-FMK

C
a
sp

a
se

 a
ct

iv
ity

(%
 c

o
n
tr

o
l)

B

Fig. 1. Efficacy of FMK-based inhibitors on caspase specific activity
from H. volcanii cell extracts.
A. Mean percent activity for each fraction is shown relative to unin-
hibited control, with percent inhibition in parentheses. Error bars rep-
resent standard deviation among biological triplicates. Note effective
inhibition with VAD inhibitors, including the biotinylated version; in
contrast, b-FA-FMK was ineffective at inhibiting caspase activity.
B-C. Visualization of b-VAD-FMK-based inhibitor trapping of
H. volcanii proteins in cell extracts (see Supporting Information for
details). Recovered proteins were probed with either Avidin-HRP
(B) and silver stained (C) to respectively visualize biotin-containing
proteins and the complexity of the total pool of proteins recovered
during the isolation procedure.
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(chymotrypsin) activity known to be associated with 20S
proteasomes (Wilson et al., 1999; Powers et al., 2002;
Lawrence et al., 2006), was also tested. Both b-VAD-FMK
and z-VAD-FMK completely inhibited human caspase-8
activity while no inhibition was observed for b-FA-FMK
(Supporting Information Fig. S1A). Likewise, both VAD-
FMK inhibitors effectively inhibited caspase-4 (LEVD-AMC)
catalytic activity in H. volcanii cell extracts; respective inhi-
bition was between 83%–88% and 90%–95%. Compara-
tive inhibition of caspase activity in H. volcanii cell extracts
(see Experimental procedures) was ~88% and 1.6%,
respectively, for b-VAD-FMK and b-FA-FMK (Fig. 1A). The
inability of b-FA-FMK to effectively inhibit caspase activity
(Fig. 1A) is consistent with its reported specificity for chy-
motrypsin and cathepsin activity (Lawrence et al., 2006).
Its complete inhibition of LLVYase activity, (Supporting
Information Fig. S2) combined with its conjugated biotin
group, should target a repertoire of proteins distinct from
caspase activity and one that is associated with 20S pro-
teasomes in H. volcanii (Harris et al., 2000; Choe et al.,
2006). The respective protein pools associated with b-
VAD-FMK and b-FA-FMK were affinity purified with strepta-
vidin magnetic beads. The efficacy of in situ inhibitor trap-
ping was first tested with human caspase-8 using either
monoclonal antibodies to human caspase-8 (Supporting
Information Fig. S1B) or Avidin-HRP (Supporting Informa-
tion Fig. S1C). The former assessed recovery of human
caspase-8 itself; the latter assessed binding to and recov-
ery of the biotinylated inhibitor to human caspase-8. Both
methods revealed the successful trapping of the ~30 kDa
heterodimer and the active site-containing ~20 kDa mono-
mer of human caspase-8, establishing sufficient biochemi-
cal specificity to pull down caspase-active proteases using
this biotinylated inhibitor.
The effectiveness of in situ trapping in H. volcanii was

monitored by Western blot analysis using an avidin-HRP
antibody (Fig. 1B) and mass spectrometry-compatible sil-
ver stain (Fig. 1C). This allowed us to respectively detect
and follow the biotinylated protein pool through isolation
and assess the complexity of the total protein pools upon
treatment with b-VAD-FMK and b-FA-FMK (Supporting
Information Fig. S3-S4). Cell extracts challenged with
both inhibitors displayed biotin-associated proteins, indic-
ative of protein affinity for either VAD- and FA-amino
acids. At the same time, silver staining revealed a strong
refinement in the total protein complexity, consistent with
effective purification. A prominent, biotin-containing
~75 kDa protein in H. volcanii cell extracts was consis-
tently detected, some of which was removed onto beads
during a preclearing step. The detection of proteins in the
b-FA-FMK inhibitor bound fraction is consistent with pre-
vious work documenting chymotrypsin-like biochemical
activity in H. volcanii (Seth-Pasricha et al., 2013) and at
elevated temperatures (Kirkland et al., 2007).

Acyloxymethyl ketone (AOMK)-based caspase inhibi-
tors were also used as independent functional ‘war-
heads’ to inhibit and in situ trap human caspase-8 and
caspase-associated proteins in H. volcanii (Supporting
Information Fig. S5). Similar to FMKs, AOMKs react
preferentially with active site cysteine residues in pro-
teins with several generations of AOMK-based caspase
inhibitors and probes having been described (Kato
et al., 2005; Berger et al., 2006). Because the AOMK
electrophile is less reactive than the FMK electrophile,
AOMK-based inhibitors and probes exhibit higher target
specificity than FMK-based ones (Puri et al., 2012).
b-VAD-AOMK inhibited human caspase-8 by 85% at
20 μM; for comparison, complete inhibition of activity
was observed by z-VAD-FMK at the same concentration
(Supporting Information Fig. S5).

The broad-spectrum b-VAD-AOMK inhibitor displayed
dose dependent inhibition in H. volcanii extracts with 50 μM
and 200 μM respectively inhibiting 24% and 77% of the
observed caspase activity. Notably, a similar degree of inhi-
bition (85%) was observed b-VAD-FMK at 20 μM. This
noticeably lower specificity was different than human cas-
pase 8 and may reflect a broader reactivity of AOMK moie-
ties for H. volcanii proteins. The difference in efficacy of
inhibition for two inhibitors with an otherwise identical bioti-
nylated substrate group (b-VAD) likely stems from the dif-
ferent chemical reactivity of the derivatized, functional
group moieties with halophilic H. volcanii proteins. Alterna-
tively, the AOMK-based inhibitors may have reduced
solubility in the salt concentrations used for the assays. We
also challenged caspase-8 and H. volcanii protein
extracts with b-L-AOMK (Supporting Information Fig. S5).
b-L-AOMK was unable to inhibit human caspase-8, but
showed modest inhibition of activity in H. volcanii cell
extracts, thus serving as a more general amino acid resi-
due conjugation comparison for trapped and recovered
proteins.

Identification of caspase-associated proteins by mass
spectrometry

HPLC–MS/MS analyses of inhibitor-trapped proteins with
b-VAD-FMK and b-FA-FMK served as an initial window
into the diversity and identity of caspase-associated pro-
teins. A high number of functionally different H. volcanii
proteins (a total of 269 proteins; ~7% of the H. volcanii
proteome) were detected and identified in X!Tandem
from the peptide fragment data at a log(e) score < −0.4
with a false positive rate of 0.085% and a rho-score of
96 (Table 1; see Experimental procedures) (Fenyö et al.,
2007; Fenyö et al., 2010), both indicative of a high
confidence data set. We tested a variety of conditions
to enhance stringency with H. volcanii extracts
(e.g., different buffers and salt concentrations), as well as
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procedures to reduce the pool of caspase-active source
proteins (e.g., ammonium sulfate precipitations and
HPLC-size exclusion chromatography; data not shown)
for inhibitor trapping procedures. In each case, we
recovered a similarly large number of proteins. Recovered
proteins with putative roles in stress- and degradation-
related processes and complexes were promising for
subsequent analyses, given the well-documented
caspase-4-like activity in H. volcanii and its possible con-
nection to an ER and unfolded protein stress-like
responses. These included: three subunits of the archaeal
thermosome chaperonins [Cct1, Cct2 and Cct3 (Kapatai
et al., 2006)]; components of the proteasomal protein deg-
radation machinery [Psm A, PsmC and PanA (Zhou et al.,
2008)]; a pair of universal stress proteins; a cell division
protein 48 (Cdc48b); translation factors αEF1 and αEF2,
known to be associated with the unfolded protein
response (UPR) in higher eukaryotes and, more recently,
with SAMP2 in H. volcanii (Miranda et al., 2011); a puta-
tive CBS domain pair protein; and DnaK, a chaperone
protein. Most of these proteins, or their homologues, are
reported to be involved in protein folding or degradation in
H. volcanii and other cell systems.
Despite consistent differences in their ability to inhibit

caspase biochemical activity, the b-VAD-FMK and b-FA-
FMK consistently ‘trapped’ the same suite of proteins with
similar spectral counts (Table 1). Independent inhibitor
trapping experiments with b-VAD-AOMK and b-L-AOMK
inhibitors recovered a similarly diverse pool of proteins
(Supporting Information Fig. S6; Table 1). We noted a
distinction in the peptide spectral counts between pro-
teins recovered with the AOMK-derivatized peptide inhibi-
tors, which helped to reinforce the enrichment of protein
turnover-related proteins (i.e., thermosomes, Cdc48b,
DNA chaperone, elongation factors) associated with cas-
pase activity (Table 1).
Proteins exhibiting a comparative difference of >10 in

spectral counts between the b-VAD-AOMK and b-L-
AOMK were subjected to additional analysis using the
Skyline quantification, a targeted mass spectrometry soft-
ware package (see Experimental procedures) to deter-
mine if the spectral differences in the absolute
abundance of distinct target peptides were significant
(taken as an average b-VAD-AOMK: b-L-AOMK ratio of
>1 for trapped target peptides within each protein; Sup-
porting Information Table S1). This analysis identified
elongation factor αEF-2 (HVO_0356), which has been
identified in protein sampylation and proteasome function
(Maupin-Furlow, 2013; Chavarria et al., 2014) and a puta-
tive ornithine cyclodeaminase (HVO_2879).
Our observations of similar spectral counts for VAD-

and FA-based biotinylated FMK- and AOMK-derivatized
peptide inhibitors were unlikely a consequence of
inherent, non-specific artefacts introduced by biotin or

streptavidin moieties, as cell extracts were sequentially
treated with both biotin and streptavidin-coated beads
prior to inhibitor treatments. The fact that all of the bio-
chemical procedures were performed in buffer containing
2 M NaCl, which is consistent with optimal growth condi-
tions of H. volcanii (Mullakhanbhai and Larsen, 1975),
should have minimized bead fraction artefacts introduced
by potential ‘salting out’, clumping and precipitation of
H. volcanii proteins. Rather, it is more probable that pro-
teins simultaneously recovered by both b-VAD- (cas-
pase-associated) and b-FA- (associated with other
cysteine proteases) were components of interacting com-
plexes and/or complexes that possess multiple proteo-
lytic activities (e.g. proteasomes). Indeed, proteasomes
in other cell systems have chymotrypsin, trypsin and
caspase-like proteolytic activity for protein degradation
(Akopian et al., 1997; Maupin-Furlow et al., 1998; Kisse-
lev et al., 1999; Wilson et al., 1999; Kisselev et al.,
2003). Our observations that b-FA-FMK [(Seth-Pasricha
et al., 2013); Supporting Information Fig. S2] completely
inhibited chymotrypsin/papain-like (LLVY-ase) activity in
H. volcanii argues that it would effectively trap chymo-
trypsin/papain-like proteins like those associated with the
H. volcanii proteasome (Wilson et al., 1999; Kirkland
et al., 2007).

Structural mining for caspase proteases in H. volcanii

One motivation for our biochemical trapping work was to
isolate and identify proteins that are responsible for the
observed, high level caspase activity in H. volcanii. Given
no primary sequence homologues to known caspase pro-
teins exist in the H. volcanii genome (Bidle et al., 2010;
Seth-Pasricha et al., 2013) and a search of the Con-
served Domain Database (https://www.ncbi.nlm.nih.gov/
Structure/cdd/) yielded no matches with the caspase pro-
tein domains among the recovered H. volcanii proteins, a
comparative structural analysis approach against bona
fide caspases of known tertiary structure was attempted
with homology models being generated for all inhibitor
trap-recovered proteins using Phyre2 (Kelley and Stern-
berg, 2009).

The absence of a caspase-4 crystal structure combined
with our observed cleavage of VEID-AMC (Seth-Pasricha
et al., 2013) meant that inhibitor-bound human caspase-6
[VEID-CHO; 3P4U (Müller et al., 2011a; Müller et al.,
2011b)] could justifiably be used for comparative struc-
tural modelling. Alignment of a homology-modelled
caspase-4 to 3P4U using TopMatch (Sippl and Wieder-
stein, 2012) (Fig. 2A and F; see Experimental proce-
dures), demonstrated ~30% sequence identity with an
alignment length ~130 of ~150 possible residues. Struc-
tures for all 269 recovered H. volcanii proteins were gen-
erated and individually evaluated in TopMatch for
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homology in the active site and maximum superimposition
(Senn et al., 2014) (Fig. 2B–F). Our approach was to
exploit the catalytic binding pocket of known caspases,
which may have constrained structural evolution, in order
to reveal functional relationships between distantly related
proteins. Although none of the H. volcanii models
approached the identity or alignment length of caspase-4
versus caspase-6 (sequence identities <20%), many had
significant overlap (80 and 90 residues) across a central
mixed α/β Rossmannoid fold (Fig. 2G), a functionally
diverse protein topology (Buehner et al., 1973; Aravind
et al., 1999; Koonin and Aravind, 2002). This first level
analysis identified: thermosome subunits Cct1, Cct2 and
Cct3 (HVO_0778, HVO_0455 and HVO_0133 respec-
tively), proteasome subunit alpha 1 PsmA (HVO_1091),
Cdc48b cell division control protein (HV_2700), putative
nuclease (HVO_2889) and aminopeptidase (HVO_0836),
among others [e.g., FtsZ (HVO_2204), DnaK (HVO_
1590), and the translation elongation factors (HVO_0356
and HVO_0359); not shown)]. Notably several of these
had multiple Rossmannoid domains, suggestive of poten-
tial functional similarity with oligomeric regulation of cas-
pase activity (Shi, 2002).
Based on maximum length of alignment, a putative

nuclease (HVO_2889) and putative aminopeptidase
(HVO_0836) (Fig. 2G) were identified as potentially promis-
ing candidate proteins despite relatively low peptide spec-
tral counts in the MS data (Supporting Information
Table S2). Several other proteins had relatively high align-
ment scores [i.e., ATP synthase (HVO_0317), arginine
synthase (HVO_0324) and molybdopterin biosynthesis pro-
tein (HVO_2305)], but they suffered from either poor struc-
tural alignment (ATP synthase) or low/no spectral count
representation in both FMK- and AOMK-based pull downs
(arginine synthase and molybdopterin biosynthesis).

Targeted gene knockouts identify an ‘interactase’ of
stress-related protein complexes

Given the difficulty in overexpressing and purifying
functional proteins from extreme halophiles, we instead
targeted the aforementioned proteins for chromosomal
deletion to test for direct genetic linkages with caspase
activity. Mutant strains of three thermosome genes
(cct1, cct2, cct3), genes encoding subunits in the
H. volcanii proteasome (psmA, psmC, panA, panB) and
ftsZ cell division GTPase gene (cetZ1; HVO_2204) had
been generated in previous studies (Kapatai et al.,
2006; Zhou et al., 2008; Duggin et al., 2015). De novo
mutant strains were generated for cdc48b, putative
nuclease, putative aminopeptidase and ornithine cyclo-
deaminase (Supporting Information Table S3). Attempts
to create deletions in the elongation factor genes
(HVO_0356 and HVO_0359) were unsuccessful; these

mutations are likely lethal given their involvement in
protein translation.

None of the targeted mutations resulted in the complete
abolishment of the high-level caspase activity in H. volcanii
cell extracts relative to the wild-type parental strains (Fig. 3
and Supporting Information Fig. S7); hence, we were
unable to identify the specific gene(s) responsible for this
activity. Given in vivo, chemical inhibition of caspase activ-
ity impaired but did not abolish growth under stress condi-
tions (i.e., high and low salt), such a mutation should not
be lethal (Bidle et al., 2010). The most consistent and sig-
nificant reduction in caspase activity across independent
experiments was seen in the Δcdc48b mutant (~70%;
p < 0.001; n = 9). Complementation of the Δcdc48b
mutant in trans, with a full-length, wild-type copy of the
cdc48b gene genetically rescued and restored wild type
caspase activity levels. Single cct knockouts did not result
in a loss of normalized caspase activity, but there were
respective ~60% and ~30% reductions in the Δcct1,3 and
Δcct2,3 double mutants, indicating H. volcanii caspase
activity is linked to thermosome function. All proteasome
mutants showed significant changes in caspase activity rel-
ative to wildtype. The ΔpanB and ΔpsmC strains had
respective 40% and 30% reductions in activity; in contrast,
~20% and ~99% increases in activity were observed for
ΔpanA and in ΔpsmA mutants, suggestive of a complex
regulatory feedback in protein turnover. Given Cdc48b has
been reported to be a partner protein for 20S proteasome-
mediated protein degradation in other systems, like Ther-
moplasma acidophilum (Barthelme and Sauer, 2012) and
yeast (Finley et al., 2012), there may be a similar feedback
regulation of this activity for cdc48b and psmA mutants.
We also observed a significant (p < 0.01, n = 6), ~26%
decrease in caspase activity for ΔcetZ1 mutants, the
archaeal cell-structure-related euryarchaeota tubulin/FtsZ
homologue 1. This protein is reported to be essential in
developing the rod-shaped structure of the H. volcanii cell
in order to attain normal swimming speeds (Duggin et al.,
2015). Mutants in the nuclease, aminopeptidase and orni-
thine deaminase demonstrated either modest reductions
(10%–15%) in caspase activity or none at all. Although we
were unable to identify the gene(s) encoding H. volcanii
caspase activity, the significant loss of activity in Δcdc48b,
thermosome cct double mutants, and proteasome mutants
establishes a link between caspase activity to protein turn-
over stress in this organism.

Treatment with canavanine demonstrates a catalytic
linkage with UPR

We further tested the relationship between caspase activ-
ity and proteasome function by challenging the parental
wildtype strain with L-canavanine, an arginine amino acid
analog that induces the unfolded protein response (UPR)
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by incorporating into growing polypeptide chains during
translation (Kaufman, 1999). Induction of protein stress
and the inhibition of proteasome function with 11 μM
canavanine resulted in a ~45% decrease in cellular cas-
pase (LEVD-ase; p < 0.001; n = 3) and 52% in
chymotrypsin-like (LLVY-ase; p < 0.01; n = 3) activity
(Fig. 4A and B), along with greatly impaired cell growth
compared with the untreated control (Fig. 4C), corroborat-
ing previous results (Zhou et al., 2008). Notably, canava-
nine treatment did not induce a decrease in general
cellular protease activity, as ARR-AMC, Leu-AMC and
Asp-AMC all either showed statistically significant
increases or were statistically indistinguishable from
untreated controls (Supporting Information Fig. S8).
Given proteasomes are known participants in UPR and
have documented chymotrypsin activity [LLVY-ase;
(Ben-Nissan and Sharon, 2014)], our findings biochemi-
cally link caspase activity to proper proteasome function.
Further, growth of Δcdc48b, thermosome (Δcct1,3) and
proteasome (ΔpanB, ΔpsmC, ΔpanA and ΔpsmA)
mutant strains in response to in situ treatment with 11 μM
canavanine was significantly impaired compared with
wildtype over a 50 h period (Fig. 4D–F). In the absence
of canavanine, growth of these mutant strains largely

paralleled that of wildtype over this same time period
(Supporting Information Fig. S9). Our results are consis-
tent with previous observations of impaired growth of
ΔpsmA and ΔpanA mutants under canavanine-induced
UPR (Zhou et al., 2008). Likewise, a link between proper
proteasomal component function and canavanine-
induced UPR was established in H. volcanii with knock-
out strains in the 20S core α1 subunit (ΔpsmA) and a
proteasome-activating nucleotidase (ΔpanA) (Zhou et al.,
2008), with ΔpsmA being the most sensitive of protea-
some mutants to low salt- or high temperature-stresses.
Notably, ΔpsmA and ΔpanA knockout strains displayed
appreciable increases in caspase activity (by 26% and
~100% respectively; Fig. 3). With the exception of the
Δcct1,3 and Δcct2,3 double mutants, growth of thermo-
some mutant strains was unimpaired relative to wildtype
in the presence of canavanine (Fig. 4E). Thermosome
double knockout mutants (Δcct1,3 and Δcct2,3) were the
only thermosome strains that had reduced caspase activ-
ity (Fig. 3) and had the lowest survival rates to low salt-
or high temperature-stress (Kapatai et al., 2006). Taken
together, these findings suggest that non-optimal cas-
pase levels (high or low) critically compromise UPR fit-
ness in H. volcanii.
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To put our findings into context, peptidyl–glutamyl–
peptide hydrolyzing (PGPH) activity has been reported in
archaeal (Akopian et al., 1997; Maupin-Furlow et al., 1998;
Wilson et al., 1999) and eukaryotic (Kisselev et al., 2003)
proteasomes, cleaving after glutamate and aspartate resi-
dues, respectively, in a manner similar to caspases and,
hence, termed ‘caspase-like’. Analysis of positional, scan-
ning combinatorial libraries further showed that these Thr-
containing active sites could only cleave tetrapeptide sub-
strates with hydrophobic groups in the P2 and P3 position
and, thus, lack true caspase activity. Precise amino acid
compositions at the P2 and P3 positions are required by
caspases; they do not cleave after glutamic acid and leucine
residues (Thornberry, 1998; Thornberry and Lazebnik,
1998). There have been reports of Ac-YVAD-AMC hydroly-
sis (caspase activity) in Archaea, although it represents only
1.3% of the total peptide hydrolysis at optimal growth tem-
perature in T. acidophilium (Akopian et al., 1997). Likewise,
hydrolysis of Ac-YVAD-AMC was only 1.9% of the PGPH

activity and 2.6% of the chymotrypsin activity in Methano-
sarcina thermophila (Maupin-Furlow et al., 1998), with simi-
lar levels observed in Methanococcus jannaschii (Wilson
et al., 1999). PGPH was only ~1% of the LLVY activity in
purified proteasomes of H. volcanii and YVAD-AMC cleav-
age was not detected (Wilson et al., 1999). Our current and
previous (Seth-Pasricha et al., 2013) work has repeatedly
detected very high and highly specific caspase activity,
defined as a cleaving at aspartate resides in the PI position
after specific tetratpeptide motifs with an active site cysteine
residue, that is distinct from the ‘caspase-like’ (PGPH) activ-
ity associated with proteasomes.

Conclusions

While the protein(s) responsible for caspase activity
remain elusive, our findings contribute to an understand-
ing of the role of this highly active, cellularly dominant
proteolytic activity in the archaeon H. volcanii. Our work

Fig. 4. Link between caspase activity, proteasome function, and the unfolded protein response.
A. Caspase-like (LEVD-ase) and (B) chymotrypsin-like (LLVY-ase) specific activities in H. volcanii cells treated with 11 μM canavanine (+ Can)
compared with untreated controls. Arrows and parentheses note the direction and degree of inhibition of activity relative to controls.
C. Corresponding growth curves for control and canavanine-treated H. volcanii strain H26 in minimal media. (D-F) Growth curves for cell division
control (Δcdc48b), thermosome (Δcct1, Δcct2, Δcct3, Δcct1,3, Δcct2,3) and proteasome (ΔpanB, ΔpsmC, ΔpanA, ΔpsmA) mutants compared
with parent strain H26 in response canavanine treatment (11 μM). Error bars represent standard deviation for triplicate experiments. Significant
differences were observed for caspase and chymotrypsin activity, as well as for cell growth between untreated and cananavine-treated wildtype
cells, and in the growth of wildtype and cdc48, thermosome (Δcct1,3, Δcct2,3) and all proteasome mutants in the presence of cananavine
(***p < 0.001; **p < 0.01; n = 3 for each treatment; one-way ANOVA).
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implicates caspase activity as a core component of a pro-
tein complex and ‘interactase’ of stress-related protein
complexes involved in proper proteasome function and
the unfolded protein response in H. volcanii. Mutations in
three critical ‘protein homeostasis’ participants – namely
proteasomes, thermosomes and cdc48 – solidify the link-
age between caspase activity and H. volcanii’s cellular
protein-quality control system, where proteins are prop-
erly produced, folded and degraded. Our findings corrob-
orate recent work in Saccharomyces cerevisiae where
metacaspase Mca1 was recently suggested to be
involved in preventing protein aggregates, facilitating the
removal of unfolded proteins in a protein quality control
pathway (Hill et al., 2014). Our results are also consistent
with observations in other cell systems that these com-
plexes have a mixture of key proteolytic activities (chy-
motrypsin, papain, caspase) (Kisselev et al., 1999;
Kisselev et al., 2003; Ben-Nissan and Sharon, 2014).
Given intracellular signalling and response to protein
stress misfolding is central to Archaea and Eukarya
(Humbard and Maupin-Furlow, 2013), our work hints at
the molecular evolution and ancestral, multidimensional
housekeeping roles of these proteins and argues for their
foundation in protein homeostasis and stress pathways in
higher organisms.

Experimental procedures

Growth and generation of cell lysates. Haloferax volcanii
wild-type strain DS70 was grown aerobically at 45 �C in
batch culture in an optimal 2.1 M salt medium (Bidle et al.,
2010; Seth-Pasricha et al., 2013) to mid-exponential phase.
H. volcanii minimal media (Hv-Min) was prepared as
described (Dyall-Smith, 2009). For growth assays, uracil was
added at a final concentration of 50 μg μl−1 and canavanine
at 11 μM. Cell lysates were prepared as described
previously [(Seth-Pasricha et al., 2013); See Supporting
Information for more detail].

Partial purification and preparation of cleared lysates.
Partially purified proteins were obtained from H. volcanii cell
extracts by sequential ammonium sulfate ((NH4)2SO4) pre-
cipitation using standard protocols [(Deutscher, 1990); See
Supporting Information for more detail]. Total protein concen-
tration in each fraction was measured using the BCA assay
(Thermo scientific), with bovine serum albumin serving as a
standard (Seth-Pasricha et al., 2013). Precleared, caspase
active lysates were pretreated with 50 μM biotin for 30 min at
RT, followed by addition of streptavidin-coated beads, and
used in inhibitor trapping studies with FMK- and AOMK-
derivatized peptide inhibitors (see below).

Fluorogenic protease activity assays. Protein-normalized
cleavage rates (nmol h−1 mg protein−1) were measured in
96-well microtiter plate format using a suite of canonical,
fluorogenic substrates for caspase [LEVD-AMC (caspase-4),
VEID-AMC (caspase-6) and IETD-AMC (caspase-8); Enzo

Life Sciences] and papain/chymotrypsin activities [LLVY-
AMC (Sigma)] as previously described [(Bidle et al., 2010;
Seth-Pasricha et al., 2013); See Supporting Information for
more detail]. The kinetics of substrate cleavage (Ex 380 nm,
Em 460 nm) was measured at 42 �C for 1–2 h at 3–5 min
resolution using a Spectra Max M3 plate reader equipped
with SoftMax Pro 6.2.1. Assays were performed in triplicate.

SDS-PAGE and Western blot analysis. Twenty microgram of
total protein was loaded onto gradient (4%–20%, 8%–16%)
or 12% TGX precast gels (Bio Rad) followed by visualization
with Coomassie Blue-based (Gel Code Blue, Thermo Scien-
tific) or silver-based stains (Pierce Silver Stain Kit; Thermo
Scientific). Stained gels were washed in MilliQ water and
incubated in 3% glycerol for 1 h before drying under vacuum
(2 h, 80 �C; Bio Rad Gel Dryer). For Western Blot analysis,
proteins were transferred onto PVDF membranes (100 V;
1 h), blocked with ECL blocking reagent (GE Life Sciences),
washed 4× with 1× PBS 0.05% Tween-20, and probed with
an Avidin-HRP antibody (1:10 000 dilution), and visualized
using Amersham ECL Plus Western blotting reagent
(GE Life Sciences) and a CCD imager (Chemidoc XRS+,
Bio-Rad). Recombinant human caspase-8 samples from
biotinylated trapping experiments were probed with either
Avidin-HRP antibody or a monoclonal anti-human Caspase-
8 mouse antibody (Enzo Lifesciences; 1:1500 dilution),
followed by a goat anti-mouse HRP secondary antibody
(1:5000).

Fluoromethyl ketone- and acyloxymethyl ketone-based bio-
chemical inhibitors. Purified, recombinant, human caspase-8
(10–70 ng; Enzo Life Sciences) and H. volcanii cell extracts
(15 μg) were individually incubated with suite of commer-
cially available protease inhibitors (some conjugated to bio-
tin) containing either a fluoromethyl ketone [FMK; VAD-FMK
(Calbiochem), z-VAD-FMK (Enzo Life Sciences) and biotin-
FA-FMK] or acyloxymethyl ketone [biotin-L- AOMK and
biotin-VAD-AOMK; (Kato et al., 2005; Berger et al., 2006)]
reactive functional groups (see Supporting Information for
more details). Samples were incubated with inhibitors in cas-
pase assay buffer for 1 h at 42� prior to addition of fluoro-
genic substrates to determine protein-normalized cleavage
rates (nmol h−1 mg protein−1) as previously described
[above and (Bidle et al., 2010; Seth-Pasricha et al., 2013)].

Inhibitor trapping. Inhibitor trapping experiments using b-
VAD-FMK and b-FA-FMK were performed on caspase
active, 100% (NH4)2SO4 fractions. Trapping experiments
with b-VAD-AOMK and b-L-AOMK used total protein in
H. volcanii cell extracts (500 μg). Effective concentrations of
each biotinylated inhibitor were empirically determined using
caspase activity assays prior to capture with streptavidin
beads. H. volcanii samples were pretreated with 30–50 μM
biotin for 30 min at RT, followed by two subsequent additions
(4 �C for 1 h) of prewashed (100 mM Tris-Cl (pH 7.4)/150 mM
NaCl) streptavidin-coated magnetic beads (Thermo Scien-
tific). Precleared samples were split and separately treated
with individual inhibitors for 1 h at 42 �C, followed by incuba-
tion with fresh streptavidin-coated magnetic beads for 2 h at
4 �C. Beads and associated inhibitor-bound proteins were
collected and washed 3x in 200 μl 100 mM Tris-Cl
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(pH 7.4)/2 M NaCl buffer. Competitive elution with subse-
quent treatments of 2 mM biotin and 0.1 M acidic glycine
was used to remove bound proteins. Beads with remaining
proteins were resuspended in 100 mM Tris-Cl (pH 7.4)/2 M
NaCl and analysed via SDS PAGE and Western blot.

Proteomic analysis. The identity and representation (spectral
counts) of proteins recovered from inhibitor trapping was
determined by LC–MS/MS at the Biological Mass Spectrome-
try Facility (Center for Advanced Biotechnology and Medi-
cine, Rutgers University; http://cabm-ms.cabm.rutgers.edu/).
Sixty microlitre samples were run ~1 cm into a Novex gel Bis-
Tris 10% gel, followed by excision, reduction, carboxymethy-
lation and trypsin digestion using standard facility protocols.
Peptides were extracted, solubilized in 0.1% trifluoroacetic
acid and analysed by nano LC–MS/MS using a RSLC system
(Dionex) interfaced with a Velos-LTQ-Orbitrap [(Thermo
Fisher); see Supporting Information for more detail]. MS data
were acquired using a data-dependent acquisition procedure
with a cyclic series of a full scan acquired in Orbitrap with res-
olution of 60 000 followed by MS/MS scans (acquired in linear
ion trap) of the 20 most intense ions with a repeat count of
two and the dynamic exclusion duration of 60 s.

MS data were searched against the complete annotated
H. volcanii protein database (http://archaea.ucsc.edu), the
human protein database (for caspase-8) and CRAPome (7).
Analyses used a local version of the Global Proteome
Machine (GPM cyclone, Beavis Informatics, Winnipeg,
Canada; www.theGPM.org) with carbamidoethyl on cysteine
as fixed modification and oxidation of methionine and trypto-
phan as variable modifications using a 10 p.p.m. precursor
ion tolerance and a 0.4 Da fragment ion tolerance. Proteins in
b-VAD-AOMK inhibitor trapping with enriched spectral counts
(>10 over b-L-AOMK) were assessed using online open
source Skyline application software and Targeted Mass Spec
Environment (https://skyline.ms). We used the GPM pack-
age, X!Tandem for search against the 2017 compiled protein
database, which uses the False Positive Rate (FPR) to deter-
mine the search quality and cut off (Fenyö et al., 2007; Fenyö
et al., 2010). Our search used valid log(e) < −0.4, which gave
a rho-score = 96 and FPR = 0.08%.

Structural modelling and analysis. Predicted tertiary struc-
tures were generated by homology modelling using Phyre2
(Kelley and Sternberg, 2009) and were aligned to the
resolved crystal structure of inhibitor (VEID-CHO)-bound
caspase-6 [PDB ID 3P4U; (Müller et al., 2011a; Müller et al.,
2011b)] using TopMatch (Sippl and Wiederstein, 2012). A
Phyre2 modelled structure for human caspase-6 served as a
control and showed high sequence identity and alignment
length to the 3P4U crystal structure. TopMatch scores of
pairwise alignments between candidate proteins and
caspase-6 were rank ordered by alignment length, percent
sequence identity, alignment Cα RMSD, number of peptides
identified by MS for both inhibitors and functional annotation.

Gene knockouts. Mutant strains of thermosomes, protea-
somes and ftsZ had been previously generated (Kapatai
et al., 2006; Zhou et al., 2008; Duggin et al., 2015) and were
kindly provided by Peter Lund (University of Birmingham,
UK), Julie Maupin-Furlow (University of Florida, USA) and

Iain Duggin (University of Technology Sydney, Australia)
respectively. De novo H. volcanii knockout strains were cre-
ated using established gene disruption mutagenesis (‘pop-in/
pop-out’ method) protocols that rely on transformant selec-
tion against a ΔpyrE2 background using constructs made in
pTA131, a pBluescript-based suicide plasmid containing the
pyrE2 gene as a selectable marker [(Allers et al., 2004); see
Supporting Information for more detail]. The H. volcanii uracil
auxotrophic strain H26 [ΔpyrE2; (Allers et al., 2004)] was
transformed with each construct using established methods
(Cline et al., 1995). Ura− 5-FOAR colonies were screened
via PCR to determine if they harboured the wild type or
deleted version of each gene. The resulting knockout strains
were confirmed via PCR and DNA sequencing (Supporting
Information Table S3).

Statistics. Statistical computing used the R language and
environment package (https://www.r-project.org). Goodness
of fit was ensured using the plot(model) function in R with
log transformation of data being used where appropriate.
Significant differences between caspase activity of wildtype
and mutant strains were examined within (One-way ANOVA;
Fig. 4) as well as within and across experiments (Two-way
ANOVA with strain and activity nested within experiment;
Supporting Information Fig. S7). Significant differences were
revealed using the TukeyHSD (model) post hoc test in R.
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