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Abstract Crustaceans are intensively farmed in aquaculture
facilities where they are vulnerable to parasites, bacteria, or vi-
ruses, often severely compromising the rearing success. The
ubiquitin-proteasome system (UPS) is crucial for the mainte-
nance of cellular integrity. Analogous to higher vertebrates, the
UPS of crustaceans may also play an important role in stress
resistance and pathogen defense. We studied the general prop-
erties of the proteasome system in the hemocytes of the whiteleg
shrimp, Penaeus vannamei, and the European brown shrimp
Crangon crangon. The 20S proteasome was the predominant
proteasome population in the hemocytes of both species. The
specific activities of the trypsin-like (Try-like), chymotrypsin-
like (Chy-like), and caspase-like (Cas-like) enzymes of the
shrimp proteasome differed between species. P. vannamei ex-
hibited a higher ratio of Try-like to Chy-like activities and Cas-
like to Chy-like activities thanC. crangon. Notably, the Chy-like
activity of P. vannamei showed substrate or product inhibition at
concentrations of more than 25 mmol L−1. The KM values
ranged from 0.072 mmol L−1 for the Try-like activity of
P. vannamei to 0.309 mmol L−1 for the Cas-like activity of

C. crangon. Inhibition of the proteasome of P. vannamei by
proteasome inhibitors was stronger than in C. crangon. The
pH profiles were similar in both species. The Try-like, Chy-like,
and Cas-like sites showed the highest activities between pH 7.5
and 8.5. The proteasomes of both species were sensitive against
repeated freezing and thawing losing ~80–90% of activity. This
study forms the basis for future investigations on the shrimp
response against infectious diseases, and the role of the UPS
therein.
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Introduction

The ATP/ubiquitin-dependent proteasome pathway is a highly
complex and tightly regulated process of intracellular protein
degradation (Ciechanover 2005). Proteins designated for deg-
radation are precisely recognized, ubiquitinated by E1 to E3
ligase cascades, and directed to the proteasome (Hershko and
Ciechanover 1998; Glickmann and Ciechanover 2002).
Protein degradation via the ubiquitin-proteasome system
(UPS) has various essential cellular functions for auto-
surveillance as it is involved in cell cycle control (Ghislain
et al. 1993), apoptosis (Drexler 1997; Cui et al. 1997), gene
expression (Orian et al. 1995; Muratani and Tansey 2003), or
stress resistance (Grune 2000). In humans, impaired UPS are
associatedwith various disorders such as Huntington’s disease
(Hipp et al. 2012) or Parkinson’s disease (Ebrahimi-Fakhari
et al. 2012).

The proteasome, a large multimeric protein complex with a
barrel-like structure, is predominantly located in the cyto-
plasm, but also occurs in the nucleus. It comprises a catalytic
core (20S proteasome) to which a maximum of two regulatory
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protein complexes may be bound forming the 26S proteasome
(Baumeister et al. 1998). The core complex comprises 28
subunits, which are organized in four stacked rings. In eukary-
otes, the two outer rings consist of sevenα-subunits, while the
two inner rings are composed of seven β-subunits. The two
inner β-rings form a central chamber carrying six threonine
proteolytic active sites (Coux et al. 1996). Each of the two
catalytic sites, arranged inside the 20S core, possesses the
cleavage preference after which they are named:
chymotrypsin-like (Chy-like), trypsin-like (Try-like), and
caspase-like (Cas-like) activities. Controlled degradation is
achieved in the core chamber by allosteric interactions of the
catalytic sites (Kisselev et al. 1999). In vivo, the 20S and 26S
proteasome populations exist. The 20S can be complexed to
form the 26S proteasome degrading only ubiquitinated, and
primarily short-living proteins. However, the 20S proteasome
can be active on its own, degrading mainly oxidatively dam-
aged proteins in an ubiquitin-independent manner (Grune
2000; Ciechanover 2005). Moreover, as a result of post-
translational modification, single tissues/organs exhibit vari-
able proteasome subtypes differing in their catalytic properties
(Dahlmann et al. 2000).

Crustaceans belong to the most important marine taxa re-
garding both ecology and economy. They are abundant in the
marine realm and occupy ecological key positions in coastal,
neritic, and oceanic habitats. Additionally, some species have
gained extraordinary relevance as a protein-rich human food
source, provided either by fisheries or by aquaculture (FAO
2012). Species intensively farmed in aquaculture facilities are
particularly vulnerable to diseases caused by parasites, bacteria,
and viruses (Sánchez-Paz 2010).

Within the class of crustaceans, the UPS has been investi-
gated only in few species. For example, proteasome-mediated
degradation was reported to be involved in the molting process
of adult and juvenile lobsters (Mykles 1999; Götze and
Saborowski 2011) or in the process of learning and memory
of crabs (Merlo and Romano 2007). Furthermore, it has been
found that shrimp, infected with the white spot syndrome virus
(WSSV), may elicit an immune response directed toward the
UPS to prevent the deleterious damage caused by this virus
(Jarrousse et al. 1999). The hemocytes of the circulatory system
of shrimp are considered the primary target for some viruses
such as the WSSV (Jiravanichpaisal et al. 2006; Feng et al.
2008). It has been recently described that an open reading frame
(ORF; wsv249) located on the WSSV genome encodes a pro-
tein containing a predicted RING-H2 domain (Li et al. 2009).
RING finger domains are the largest class of E3 ubiquitin li-
gases involved in several key processes such as cell cycle con-
trol, apoptosis, and viral replication control. Additionally, an-
other WSSV protein (WSSV222) functions as a RING-
dependent E3 ligase, and it inhibits apoptosis by ubiquitin-
mediated degradation of the shrimp tumor suppressor-like pro-
tein (TSL) (He et al. 2006). Furthermore, changes in the

expression of a proteasome subunit of the hemocytes of
P. vannamei during an experimental infection with the Taura
syndrome virus (TSV) were observed (Chongsatja et al. 2007).
Even though the ubiquitination machinery has been at least
partially identified in decapod crustaceans, proteasome func-
tionality itself has not been characterized yet.

Therefore, the present study is aimed at identifying and char-
acterizing the proteasome activities in the hemocytes of the two
shrimp species,Penaeus vannamei (Dendrobranchiata), from the
Mexican Pacific Ocean, and Crangon crangon (Pleocyemata,
Caridea) from the EuropeanNorth Sea. These two species belong
to the same order (Decapoda) but different taxonomic subgroups.
They were chosen as model organisms to identify proteasome
activities in hemocytes, to investigate catalytic properties, and to
examine whether taxon-related differences in the proteasome
characteristics may be present. This study forms the basis for
future investigations on proteasome-mediated infection processes
of shrimp by viruses.

Materials and methods

Origin of animals and sampling of hemocytes

Adult specimens of P. vannamei (n = 300) (11.7 ± 1.4 cm total
body length) were obtained from a commercial farm located in
Hermosillo (Sonora,Mexico). The animals were acclimated in
laboratory indoor facilities for 15 days in 3000-L plastic tanks
containing 1000 L of purified, aerated, and UV-treated seawa-
ter at 28 °C and 34 psu. The organisms were fed ad libitum
twice daily with the commercial feed Camaronina 35®
(Purina). Food residues and solid excreta were removed
regularly.

Due to the prevalence of the white spot syndrome virus
(WSSV), and the decapod Penstyldensovirus (PstDV-1) in
the area, specimens were tested against these pathogens as
follows: after acclimation, one volume (400 μL) of hemo-
lymph samples was extracted individually from the base of
the fifth pereiopod of each shrimp with a 1-mL syringe con-
taining 400 μL of pre-cooled (4 °C) shrimp anticoagulant
solution (450 mmol L−1 NaCl, 10 mmol L−1 KCl,
10 mmol L−1 Na2-EDTA, 10 mmol L−1 HEPES, pH 7.3)
(Vargas-Albores et al. 1993). Hemolymph was centrifuged at
400×g for 5 min, and the resulting hemocyte pellet was resus-
pended in 150 μL of lysis buffer (100 mmol L−1 NaCl,
50 mmol L−1 Tris, 10 mmol L−1 EDTA, and 1% SDS) and
homogenized over ice with a Teflon disposable pestle.
Genomic DNA was isolated by using glassmilk (GeneClean
Spin kit, MP Biomedicals) according to the manufacturer’s
instructions. Samples were individually tested by PCR against
WSSV by using the IQ2000 WSSV PCR kit and against
PstDV-1 following a previously described procedure (Tang
et al. 2007). Animals diagnosed as free of WSSV and
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PstDV-1 (n = 34) were then transferred into a different 3000-L
tank containing approximately 1000 L of seawater under the
same conditions as described above.

Subsequently, hemolymphwas obtained from healthy adult
specimens of P. vannamei by using 1-mL sterile syringes with
25-gauge needles filled with 0.4 mL of an anticoagulant solu-
t i on (300 mmol L− 1 NaCl , 10 mmol L− 1 KCl ,
10 mmol L−1EDTA, 10 mmol L−1 HEPES, pH 7.3) (Vargas-
Albores et al. 1993). Syringes were carefully injected into the
ventral blood sinus of shrimps. Up to 0.4 mL of hemolymph
was obtained from each shrimp. Three hemolymph pools were
taken from five individuals each (n = 3). Each pool was gently
mixed and transferred into reaction tubes. Hemocytes were
pelleted by centrifugation at 600×g for 10 min (4 °C), and
supernatants were carefully decanted. The cell pellets were
shock-frozen in liquid nitrogen and preserved at −80 °C until
further analysis.

North Sea shrimp,C. crangon, were sampled with a bottom
trawl in the estuary of the Weser River (Germany, 53° 50′ N,
08° 15′ E). Individuals of more than 5 cm total length were
selected from the catch and transferred to the AWI laboratories
in Bremerhaven. Specimens of C. crangon were not tested
against WSSV or PstDV-1 as definitive cases of outbreaks
have never been reported in Germany (Stentiford and
Lightner 2011). Hemocytes were obtained as described for
P. vannamei. Three pools of hemolymph from five individuals
each were taken. Samples were centrifuged, and the isolated
hemocytes were shock-frozen in liquid nitrogen and stored at
−80 °C until further analysis (n = 3).

Fluorescence imaging of hemocytes

Freshly withdrawn hemolymph of C. crangon was transferred
into a reaction tube and incubated for 30 min at room temper-
ature (RT) with the substrates for either the Try-like, Chy-like,
or Cas-like site of the proteasome. The substrates were dis-
solved in DMSO and added to the hemolymph at final concen-
trations of 1.5 mmol L−1 Boc-Leu-Arg-Arg-AMC for the Try-
like activity, 0.3 mmol L−1 Suc-Leu-Leu-Val-Tyr-AMC for the
Chy-like activity, and 2.0 mmol L−1 Ac-Gly-Pro-Leu-Asp-
AMC for the Cas-like activity. In an additional assay, the he-
molymph was pre-incubated for 5 min in 0.1 mmol L−1

epoxomicin before the substrates were added. The hemolymph
containing the hemocytes was carefully pipetted into an
Utermöhl cell chamber and observed and photographed under
a laser scanning microscope (Leitz, True Confocal Scanner,
PCS-SP5 II). The excitation wavelength was 360 nm
(Excitation Beam Splitter FW-RT 30/70), and the emission
bandwidth was 427–482 nm. The same settings were used
for all samples. The objective was a ×63 HCX Pl APO CS
63.0 × 1.40 Oil UV, and the image processing software was
Leica Application Suite.

Native gel electrophoresis (native-PAGE)

Shock-frozen hemocytes from C. crangon and P. vannamei
were homogenized in 50 μL buffer (20 mmol L−1 Tris·HCl,
1 mmol L−1 EDTA, 5 mmol L−1 MgCl2, pH 7.5) with a
micropestle. The homogenate was centrifuged for 15 min at
13,000×g, and 4 °C. Ten microliters of the supernatants was
mixed with 10 μL of native sample buffer (50 mmol L−1 Tris·
HCl pH 6.8, 50% glycerol, 2% bromophenol blue).
Electrophoresis was carried out in a recirculating water cooler
system with a Hoefer Mighty Small SE-260 chamber using
NativePAGE™ 3–12% Bis-Tris gels (Invitrogen,
BN1001BOX) and a running buffer (50 mmol L−1 Tris·HCl,
50 mmol L−1 Tricine, pH 6.8). Electrophoresis was run at 40 V
and maximum 300 mA per gel. After separation, the gels were
washed briefly with CAPS buffer (50 mmol L−1 CAPS,
0.5 mmol L−1 DTT, pH 10.5) and incubated for 15 min at
37 °C in the dark in CAPS buffer containing 0.3 mmol L−1

substrate for the proteasomal Try-like activity (Boc-Leu-Arg-
Arg-AMC). The fluorescent activity bands were photographed
under UV illumination in a gel documentation system (BioRad,
ChemiDoc, PDQuest). Purified 26S and 20S proteasomes from
human erythrocytes were used as positive control.

Preparation of enzyme extracts

Hemocytes of C. crangon were homogenized with a
micropestle in 250 μL of buffer solution (50 mmol L−1 Tris·
HCl, pH 7.5). Then, the samples were centrifuged for 15 min
at 13,000 g and 4 °C. The supernatants were aliquoted and
stored at −80 °C until further analysis. Hemocytes of
P. vannamei were homogenized in 500 μL of the same buffer
as described for C. crangon. Due to the low stability of the
proteasome, the extracts were prepared and immediately used
to determine the enzyme activities. The samples were not
frozen and thawed again.

Activity measurement

The activities of the three catalytic sites of the proteasome were
assayed with common fluorogenic substrates (Table 1). All as-
says were carried out in a NanoDrop device (Thermo Scientific,
ND3300) as described previously (Götze and Saborowski 2011).
In brief, the total reaction mixture of 25 μL contained 17.5 μL
buffer (50 mmol L−1 Tris·HCl pH 7.5 at 30 °C), 5 μL enzyme
extract yielding 10 μg protein on average, 1.25 μL of substrate
solution, and either 1.25 μL dimethyl sulfoxide (DMSO) or
1.25 μL of the inhibitor epoxomicin. Substrates were dissolved
in DMSO and prepared as 20-fold concentrated stock solutions
freshly before use. The standard substrate concentrations in the
assays were 0.75mmol L−1 for Try-like, 0.15mmol L−1 for Chy-
like, and 1 mmol L−1 for the Cas-like activity. All samples were
assayed in triplicate. The reaction mixtures were incubated in
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microtubes for 1 h at 30 °C. Thereafter, 2.5 μL was taken and
pipetted onto the optical pathway of the NanoDrop device. The
released fluorescence of the product AMC was measured at
365 nm (ex) and 437 nm (em). Blanks containing buffer, sub-
strate, and DMSO but no enzyme were run in parallel to deter-
mine the autolysis rate of the substrates. Fluorescence was quan-
tified via a standard series of different concentrations of the prod-
uct 7-amino-4-methylcoumarin (AMC, Fluka 08440) ranging
from 0 to 10 μmol L−1.

Soluble protein content of each sample was determined
with the Coomassie-dye reaction (Bradford 1976). Micro-
plate assays were carried out with a commercial dye reagent
(Biorad 500-0006). Bovine serum albumin (BSA, BioRad,
76290A) was used as standard.

Stability

The stability of the proteasome was investigated bymeasuring
the Try-like and the Chy-like activities of fresh (F), shock-
frozen (SF), and repeatedly frozen and thawed samples (F1,
SF1, F2, SF2). Immediately after sampling, each of three he-
molymph pools of each species was divided into two subsam-
ples. The hemocytes of both subsamples were pelleted by
centrifugation as described above. Thereafter, one pellet was
directly homogenized in 500 μL buffer (50 mmol L−1 Tris·
HCl, pH 7.5) as described above, while the other pellet was
first shock-frozen in liquid nitrogen and thereafter homoge-
nized in buffer. Activities of both extracts were measured fol-
lowing the standard procedure. The remaining extracts of both
subsamples were frozen at −80 °C and then thawed, and mea-
sured again. The activities were determined over two freezing
and thawing cycles.

Inhibition assays

The degrees of inhibition were investigated for all three catalytic
sites of the proteasome with four commonly used proteasome
inhibitors. Epoxomicin (PeptaNova, 4381), gliotoxin
(Applichem, APPA7665), lactacystin (Cayman chemical com-
pany, Cas 133343-34-7), and MG132 (Sigma, C2211) were
dissolved in DMSO, aliquoted, and stored at −20 °C. The final
concentrations of inhibitors in the assays were epoxomicin
50 mmol L−1 (Götze and Saborowski 2011), lactacystin
1 mmol L−1 (Dick et al. 1996), gliotoxin 100 mmol L−1 (Kroll
et al. 1999), and MG132 25 mmol L−1 (Luker et al. 2003).
Enzymatic assays were performed as described above (n = 3).

As this study evaluates the efficacy of several proteasome
inhibitors, it is worth briefly describing some of their chemical
properties. Epoxomicin covalently binds to the LMP7, X,
MECL1, and Z catalytic subunits of the proteasome with con-
comitant modification of the amino-terminal catalytic Thr resi-
due of the 20S proteasome (Groll et al. 2000;Meng et al. 1999).
Gliotoxin, a noncompetitive inhibitor of the chymotrypsin-like
activity of the 20S proteasome, acts by reversible covalent mod-
ification involving mixed disulfide bonds at or near the active
site of the chymotrypsin-like activity (Kroll et al. 1999). The
natural product lactacystin targets the 20S proteasome by irre-
versibly inhibiting both the chymotrypsin-like and trypsin-like
activities of the 20S proteasome, by covalent modification of
the amino-terminal Thr of the catalytic β-subunit (Fenteany
et al. 1995). Finally, the peptide aldehyde MG132 interacts
tightly with the Thr residue in the binding pocket of the β5
catalytic subunit of the 20S proteasome by forming several
stable H-bonds and maintaining a stable antiparallel β-sheet
structure (Huang and Chen 2009; Zhang et al. 2009).

pH profiles and kinetics

Determination of the optimum pH of the catalytic sites was
assayed at different pH according to the standard assay con-
ditions. The pH range was chosen within the physiologically
relevant range from pH 6.5 to 8.5.

The reaction velocities were measured under standard con-
ditions as described above using different substrate concentra-
tions. The Try-like and Chy-like activities were measured at
substrate concentrations from 0 to 1.5 mmol L−1. The Cas-like
activity was measured from 0 to 0.75 mmol L−1. Triplicate
measurements were carried out for each substrate concentra-
tion. Additionally, the degree of inhibition by epoxomicin
(standard concentration in the assays 50 mmol L−1) was mea-
sured at all substrate concentrations.

Statistics

Data sets were analyzed for normal distribution and homoge-

neity of variances. Percent data were
ffiffiffiffiffiffiffiffiffiffiffiffi

arcsin
p

transformed.
Comparison between two groups was performed using
Student’s t test. Comparison between more than two groups
was performed with one-way ANOVA and Tukey post hoc
test. The significance level was set at p < 0.05.

Table 1 Substrates used for the
investigation of proteasome
subunit function

Enzyme Substrate Source Cat. no.

Trypsin-like Boc-Leu-Arg-Arg-AMC Enzo Life Sciences BML-BW8515

Chymotrypsin-like Suc-Leu-Leu-Val-Tyr-AMC Enzo Life Sciences P-802

Caspase-like Ac-Gly-Pro-Leu-Asp-AMC Enzo Life Sciences BML-AW9560

S. Götze et al.



The results are presented as means and standard deviations.
Statistical differences were indicated in graphs by letters or
asterisks. All statistical analyses were carried out with the
computer software SigmaStat (ver. 12) or GraphPad Prism 5
(ver. 5.4).

Results

Fluorescence imaging

The presence of integer proteasome populations after sam-
pling was investigated in C. crangon by fluorescence imaging
after incubation of intact hemocytes with the respective
fluorogenic substrate. The substrate penetrated into the hemo-
cytes and was degraded by the proteasome into the fluorescent
product (Fig. 1a–c). Simultaneous incubation of the cells with
the substrate for the Chy-like activity and the inhibitor
epoxomicin reduced distinctly the fluorescence of hemocytes,
indicating inhibition of the proteasome within the cells
(Fig. 1d).

Native gel electrophoresis

Both shrimp species showed active 20S proteasome
bands (Fig. 2) with an approximate molecular mass of

600 kDa. Hence, they were slightly smaller than the
20S proteasome from human erythrocytes that accounted
for 700 kDa. Neither crustacean species showed active
26S proteasome bands, which would be expected in the
range of 2000 kDa.

Proteasome activities in hemocyte extracts

The activities of the proteasomal Try-like, Chy-like, and Cas-
like sites were lower in P. vannamei than in C. crangon
(Fig. 3). In P. vannamei, the average Try-like activity
amounted to 0.060 ± 0.021 U gPrt

−1 and in C. crangon
0.146 ± 0.057 U gPrt

−1. Due to high variation among conspe-
cifics, the differences were not statistically significant
(p = 0.0717). The Chy-like activity in P. vannamei accounted
for 0 .004 ± 0 .002 U gP r t

− 1 and in C. crangon
(0.020 ± 0.012 U gPrt

−1) (p = 0.0849). The Cas-like activity
was 0.028 ± 0.005 U gPr t

−1 in P. vannamei and
0.060 ± 0.067 U gPrt

−1 in C. crangon (p = 0.4595).
The ratios between the catalytic sites varied distinctly be-

tween species (Fig. 4). In P. vannamei, the Try-like activity
was 15.4 ± 3.0 times higher than the Chy-like activity. In
C. crangon, this ratio was significantly lower (p = 0.0177)
than in P. vannamei showing 7.8 ± 1.7 times higher Try-like
activity than Chy-like activity. The ratios between Try-like
and Cas-like activities were more balanced, amounting to
2.2 ± 0.7 in P. vannamei and 2.5 ± 1.5 in C. crangon
(p = 0.7045).The ratio between Cas-like and Chy-like activity
was higher in P. vannamei (8.2 ± 4.8) than in C. crangon
(2.3 ± 1.7), but differences were not statistically significant
(p = 0.1192) due to the large scatter in data.

Fig. 1 Proteasome activities in shrimp hemocytes. Hemocytes from
Crangon crangon showed fluorescence after incubation with specific
substrates for a Try-, b Chy-, and c Cas-like activities. The bars
represent 20 μm. d No fluorescence was detected when hemocytes
were simultaneously incubated with the substrate for Chy-like activity
and the inhibitor epoxomicin. The bar represents 20 μm

Fig. 2 Native electrophoresis of partly purified hemocyte proteasomes
from Penaeus vannamei and Crangon crangon. Proteasome of human
erythrocytes served as a positive control

Proteasome of shrimp hemocytes



Stability assays

The stabilities of the Try-like and the Chy-like sites of the
proteasome were investigated (Fig. 5a, b). Samples of both
species were analyzed immediately after isolation, and subsam-
ples of isolated hemocytes were immediately shock-frozen in
liquid nitrogen. In both species, there were no significant dif-
ferences in the Try-like and Chy-like activities between freshly
extracted hemocytes and extracts from shock-frozen hemo-
cytes. Repeated freezing and thawing, however, resulted in a
strong loss of activity. The proteasome activity of P. vannamei
wasmore susceptible to repeated freezing and thawing than that
of C. crangon. P. vannamei extracts lost 90% of Try-like activ-
ity and the entire Chy-like activity after the first thawing cycle
(Try-like activity: p < 0.0001, Chy-like activity: p < 0.0001).
No activities were present after the second thawing cycle.
Extracts of C. crangon maintained approximately 70–75% of
Try-like activity and 55–60% of Chy-like activity after the first
thawing cycle. After the second thawing cycle, extracts lost
more than 90% of their original Try-like and Chy-like activities
(Try-like activity: p < 0.0001, Chy-like activity: p < 0.0001).

Effects of inhibitors

The proteasome activities of shrimp hemocytes were evaluat-
ed in the presence of four common proteasome inhibitors
(Fig. 6a–f). In P. vannamei, the Try-like activity was reduced
to less than 20% of its initial activity by epoxomicin and
lactacystin. MG132 decreased the Try-like activity to 30%.
Gliotoxin had the weakest effect on this catalytic site
(Fig. 6a). The Try-like activity of C. crangon hemocytes
was less affected by epoxomicin,MG132, and lactacystin than
those of P. vannamei. Only gliotoxin showed a slightly higher
inhibition in C. crangon than in P. vannamei (Fig. 6b).
Epoxomicin, MG132, and lactacystin entirely vanished the
Chy-like activity in P. vannamei hemocytes. A residual activ-
ity of 30% was observed after treatment with gliotoxin
(Fig. 6c). The inhibitors had a similar effect on the Chy-like
activity of C. crangon hemocytes. However, a residual activ-
ity of less than 10% remained after incubation with
epoxomicin and lactacystin (Fig. 6d). The Cas-like activity

of P. vannamei hemocytes was least affected by either inhib-
itor. The activity was reduced to 20% or less of the initial
activity by epoxomicin, MG132, and lactacystin. Only low
inhibition was observed with gliotoxin (Fig. 6e). The Cas-
like activity of C. crangon hemocytes was less inhibited.
Maximum inhibition, still leaving 60% of initial activity,
was achieved with epoxomicin (Fig. 6f).

pH profiles

The pH profiles of the proteasome activities were similar in
both species (Fig. 7a–f). The highest Try-like, Chy-like, and
Cas-like activities were observed between pH 7.5–8.5, 7.0–
8.0, and 8.0–8.5, respectively.

Kinetics

The Try-like and the Cas-like activities of the hemocytes of
both species followed Michaelis-Menten kinetics (Fig. 8a, b,
e, f). The same course of activity was shown by the Chy-like
enzyme of C. crangon (Fig. 8d), but Chy-like activity of
P. vannamei exhibited strong substrate or product inhibition
at substrate concentrations higher than 0.25 mmol L−1

(Fig. 8c). The Michaelis-Menten constants (KM) of the Try-
like activities did not differ significantly between species
(Table 2). The KM value of the Chy-like reaction of
P. vannamei could not be calculated for the entire range of
the kinetic curve, but instead, it was calculated from the reac-
tion velocities to a substrate concentration of up to
0.1 mmol L−1. It amounted to 0.309 ± 0.383 mmol L−1. In
C. crangon, the KM value of the Chy-like activity was
0.167 mmol L−1. The average KM value of the Cas-like reac-
tion was higher in C. crangon hemocytes. However, no

Fig. 4 Ratios of proteasome activities in the hemocytes from Penaeus
vannamei and Crangon crangon. The ratio values’ details are described
in the text on the proteasome activities in hemocyte extracts. The asterisk
(*) indicates significant difference between the activities of both
organisms. Data are represented as the mean ± SD, n = 3

Fig. 3 Specific activities of the proteasome of hemocytes from Penaeus
vannamei and Crangon crangon. Data are represented as the mean ± SD,
n = 3

S. Götze et al.



statistically significant differences were found between both
species (Table 2).

Discussion

Despite its physiological and pathological relevance, the
UPS is not sufficiently characterized in decapod crusta-
ceans. Besides methodological reports (Götze and
Saborowski 2011; Götze et al. 2013), almost no informa-
tion is available about the catalytic properties of crusta-
cean hemocyte proteasomes. However, it is crucial to
understand such a cellular key process controlling several
essential pathways (e.g., cell cycle, apoptosis, or differ-
entiation) as this forms the basis for the investigation and
interpretation of cellular stress responses or pathogen-
mediated reactions.

Hemolymph sampling and hemocyte isolation were eas-
ily performed in P. vannamei because of the relatively large
body size of the organisms (up to 20 cm length). In contrast,
sampling of C. crangon specimens, which are smaller (5 cm
length), was difficult. Low amounts of hemolymph were
obtained, and thus, only a low amount of hemocytes could
be isolated. However, due to the optimized assay procedure
(Götze and Saborowski 2011), meaningful activity mea-
surements were stil l feasible. Vital hemocytes of
C. crangon showed hydrolysis of each of the three
fluorogenic substrates, and particularly, the Chy-like activ-
ity was blocked by the specific proteasome inhibitor
epoxomicin. Together, these results strongly show that
crustacean hemocytes possess a functional proteasome
complex.

During the process of hemolymph sampling, care must
be taken to prevent contamination with other tissues as

these residues may distort the determination of the hemo-
cyte proteasome activities. In this study, no proteasome
activity was detected in the hemolymph after sedimenta-
tion of the hemocytes (data not shown). Thus, it is con-
cluded that the proteasome is located solely within the
hemocytes, and no significant changes on the extracellular
proteasome activity were observed. This may suggest that
shrimp, and possibly crustaceans in general, lack extracel-
lular circulating proteasomes (c-proteasomes/e-proteasomes)
which are present in extracellular fluids and blood plasma
of higher vertebrates (Sawada 2002; Sixt and Dahlmann
2008).

Native-PAGE showed a distinct 20S proteasome activity
band, but no active 26S proteasome band. It seems unlikely
that shrimp hemocytes do not possess 26S complexes.
However, since it is known that this complex tends to be
unstable (Hough et al. 1987; Waxman et al. 1987; Coux
et al. 1996), it cannot be excluded that sampling, extraction,
and storage of the hemocytes may have degraded the 26S
complex so that only the more stable active 20S proteasome
remained in both samples. Accordingly, all investigated
shrimp proteasome characteristics may be solely attributed
to the 20S proteasome. It should be noted, however, that from
our perspective it seems improbable that the observed differ-
ences in activity of the 20S proteasome may change when
complexed with the 26S proteasome activity. Previous studies
have shown that in vivo, the 20S and 26S proteasome popu-
lations accomplish different tasks: the 26S proteasome de-
grades only ubiquitinated, primarily short-lived proteins,
while the 20S core complex degrades oxidatively damaged
proteins in an ubiquitin-independent manner (Grune 2000;
Ciechanover 2005).

In contrast to the 20S proteasome of lobster or isolated 20S
proteasome particles from other species (e.g. Mykles 1989),

Fig. 5 Effects of repeated
freezing and thawing on the
proteasomal a trypsin-like and b
chymotrypsin-like activities from
hemocytes of Penaeus vannamei
and Crangon crangon. Fresh (F)
and shock-frozen (SF) hemocytes
were extracted and analyzed
immediately after isolation.
Thereafter, extracts were frozen at
−80 °C and thawed once (F1,
SF1) and twice (F2, SF2) for
activity determination.
Means ± SD, n = 3. Treatments
sharing same letters are not
statistically significant from each
other (p > 0.05)
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the 20S proteasomes of the shrimp hemocytes were fragile and
quickly lost activity when subjected to repeated freezing and
thawing. The low stability demands rapid processing and a
strict adherence to focused experimental protocols.
Particularly, repeated thawing and freezing should be strictly
avoided since this can rapidly destroy proteasome activities
and, thus, lead to incorrect analysis and misleading
conclusions.

Our study showed that all three catalytic sites of the pro-
teasome are active in a pH range between 6.5 and 8.5, and no
differences appeared between species. The pH optimum of the
three activities lies within the physiologically relevant intra-
cellular pH range of around ~7.4. However, considerable dif-
ferences in the biochemical properties of the proteasome were
evident between P. vannamei and C. crangon, particularly in
terms of inhibitor sensitivities and kinetics.

The selected inhibitors are commonly used in vertebrate
proteasome research and are well characterized in their
function and inhibitory capacity (Kisselev and Goldberg
2001; Meng et al. 1999; Dick et al. 1996; Kroll et al.
1999). These inhibitors are distinct in their modes of ac-
tion, although all of them predominantly inhibit the Chy-
like activity of the proteasome (Kisselev and Goldberg
2001). In vertebrate proteasome research, epoxomicin and
lactacystin are known to be the most powerful inhibitors of
the Chy-like site at very low concentrations in the micro-
molar to low millimolar range. Here, it was demonstrated
for the first time that these two inhibitors, together with
MG132, act most intensively on the Chy-like site of shrimp
hemocyte proteasomes. Consistent with the binding mech-
anisms of these inhibitors, the Try-like and the Cas-like
sites were less affected in both species. Remarkably, the

Fig. 6 Effects of the inhibitors epoxomicin (epo), lactacystin (lac),
gliotoxin (gli), and MG132 on the activities of proteasomal enzymes
from hemocytes of Penaeus vannamei and Crangon crangon. a
Trypsin-like activity of Penaeus vannamei (Epo, 17.83 ± 5.54%; Lac,
12.77 ± 8.92%; Gli, 76.63 ± 9.16%; MG132, 28.68 ± 7.47%), b
trypsin-like activity of Crangon crangon (Epo, 43.37 ± 9.88%; Lac,
88.43 ± 4.10%; Gli, 66.75 ± 10.12%; MG132, 40.48 ± 12.53%), c
chymotrypsin-like activity of Penaeus vannamei (Epo, 0.24 ± 0.48%;
Lac, 0.39 ± 0.51%; Gli, 26.51 ± 12.50%; MG132, 0.39 ± 0.12%), d

chymotrypsin-like activity of Crangon crangon (Epo, 4.34 ± 5.30%;
Lac, 8.19 ± 7.71%; Gli, 26.51 ± 1.45%; MG132, 0.16 ± 0.06%), e
caspase-like activity of Penaeus vannamei (Epo, 11.567 ± 10.12%; Lac,
10.12 ± 11.567%; Gli, 83.13 ± 13.25%; MG132, 19.28 ± 2.41%), and f
caspase-like activity of Crangon crangon (Epo, 60.24 ± 16.63%; Lac,
89.16 ± 7.23%; Gli, 72.29 ± 21.21%; MG132, 84.34 ± 27.47%). Data
represent means ± SD, n = 3. Treatments sharing same letters are not
statistically significant from each other (p > 0.05)
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Try-like and Cas-like sites of P. vannamei were significant-
ly more affected by epoxomicin and lactacystin than those
of C. crangon. This was also true for the inhibition of the
Cas-like site in the presence of MG132. In contrast,
gliotoxin was a less effective proteasome inhibitor for
shrimp hemocyte proteasomes. These differences may in-
dicate structural variation between the proteasomes of both
species and demand further investigation.

Substrate kinetics for each catalytic site of the proteasome
was performed to calculate the respective KM values. In both
species, the Try-like and Cas-like activities apparently
followed the Michaelis-Menten model while the Chy-like
activity did so only in C. crangon. In P. vannamei, however,
a substrate inhibition occurred above 0.1 mmol L−1 of the
substrate. These results are partly in agreement with

previous studies that reported that Try-like and Cas-like ac-
tivities (the latter formerly denoted as PGPH-like activity)
from bovine brain proteasomes followed Michaelis-Menten
kinetics. Furthermore, and similar to our findings for
P. vannamei, the Chy-like activity did not display
Michaelis-Menten behavior but rather followed multibinding
site kinetics with positive cooperativity (Piccinini et al.
2000). A complex kinetic was also reported for the Chy-
like site of purified rabbit muscle 20S proteasome including
substrate-induced hysteresis, substrate inhibition, and multi-
ple substrate-binding sites (Stein et al. 1996). The authors
suggested that the enzyme is subjected to substrate inhibition
and that, in vivo, the enzyme requires conformational plas-
ticity for its interactions with the regulatory complexes. A
surprising result in our study is that the Chy-like activity

Fig. 7 pH profiles of proteolytic enzymes from the hemocytes of
Penaeus vannamei and Crangon crangon. Means ± SD, n = 3. a
Trypsin-like activity of Penaeus vannamei, b trypsin-like activity of

Crangon crangon, c chymotrypsin-like activity of Penaeus vannamei, d
chymotrypsin-like activity ofCrangon crangon, e caspase-like activity of
Penaeus vannamei, and f caspase-like activity of Crangon crangon
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displays different kinetics in P. vannamei and C. crangon.
The fact that the Chy-like catalytic site of C. crangon fol-
lows a Michaelis-Menten model when the opposite is true
for various vertebrate species, and for P. vannamei, demands
further investigation.

The KM values of the catalytic sites from both shrimp hemo-
cyte proteasomes were in the low to medium millimolar range.
Shrimp proteasomes have a higher affinity for the Try-like sub-
strate than the lobster proteasomes (KM < 0.09 mmol L−1 and
KM 0.16 mmol L−1, respectively). The affinity for the Chy-like
substrate is similar in either crustacean species (KM

~0.17 mmol L−1). Substrate affinities become lower when pu-
rified proteasome particles are analyzed. For example, purified
rat liver 20S proteasome has a KM value of 0.06 mmol L−1 for
the same Chy-like substrate as used in this study (Reidlinger

et al. 1997). Various groups have investigated kinetic parame-
ters of the proteasome (Djaballah and Rivett 1992; Cardozo
et al. 1995; Kisselev et al. 2002). However, a comparison be-
tween species is not always possible since several artificial
fluorogenic substrates with varying amino acid sequences were
used, influencing degradation pattern and kinetic values
(Luciani et al. 2005).

P. vannamei and C. crangon share similar ecological prop-
erties in terms of lifestyle, food preferences, salinity tolerance,
and water temperature. Albeit these species are epibenthic
inhabitants of estuaries and forage on various food sources
(but are predominantly carnivorous), they occur in different
climatic regions: P. vannamei is abundant in the tropical re-
gions of the Pacific and Atlantic coasts of South and Middle
America, whereas C. crangon dominates the temperate zones

Fig. 8 Reaction kinetics of proteasome activities of shrimp hemocytes.
Means, n = 3. a Trypsin-like activity of Penaeus vannamei, b trypsin-like
activity of Crangon crangon, c chymotrypsin-like activity of Penaeus

vannamei, d chymotrypsin-like activity of Crangon crangon, e caspase-
like activity of Penaeus vannamei, and f caspase-like activity ofCrangon
crangon
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along the European coasts and estuaries. Though there may be
a link between environmental conditions and the observed
differences in the proteasome characteristics, it may be a very
simplistic explanation for how climatic factors could be
influencing the shape of the proteasome in both species.
While our results cannot completely rule out the possibility
of environmental influences, the possibility that such varia-
tions may reflect molecular and structural variation potentially
due to phylogenetic separation should be also considered.
Clearly, an ecological understanding of the functional role of
the proteasome depends on a complete knowledge of its un-
derlying biophysical and biochemical properties.
Consequently, interpretation of activity data cannot be gener-
alized among the phylum of crustacea but must be done in a
species-specific manner. In turn, however, crustacean
proteasomes may serve as a valuable model to study molecu-
lar function and evolution of the UPS in marine invertebrates.

Although there is little experimental evidence directly re-
lating differences on proteasome activities with a precise sys-
temic function, we can assume that the observed differences
between the proteasomes of P. vannamei and C. crangonmay
contribute to differentially fulfill the specific physiological
needs of both species. Consequently, such differences may
be the key for the understanding of functional and evolution-
ary processes and deserve further investigation. Furthermore,
as crustaceans inhabit almost all aquatic and some terrestrial
ecological niches, and bear an extraordinary morphological
variety, it seems obvious to predict an enormous plasticity of
the proteasome system within members of this subphylum.

A limitation of our study may be the small sample size, as
each analysis was run with only three specimens. This was
due to the limited number of specific pathogen-free (WSSV
and PstDV-1) shrimp from Sonora. Epidemiologic studies
have demonstrated a high estimated prevalence for PstDV-1
in broodstock ofP. vannamei from hatcheries on the northwest
of Mexico (up to 63%) (Mendoza-Cano et al. 2016). Yet, we
found significant differences among the properties of the pro-
teasome of P. vannamei and C. crangon.

Organisms inhabiting aquatic environments frequently find
a great variety of severe stress conditions, and establishing
adequate responses to stressful stimuli is essential for their
survival. A full understanding of such responses is important

to provide the essential conditions for the health and survival of
commercially important species. However, to understand the
stress response, we must first completely comprehend its foun-
dations. Thus, the characterization of the crustacean protea-
some properties may help to enhance the knowledge of the fate
of viral proteins and the specific roles of the proteasome indi-
vidual components in the proteasome function. Furthermore,
the biological significance of the interactions of the individual
components of the crustacean proteasome remains to be ex-
plored, and it is still far from being fully understood.

Though the proteasomal capacity in both species has not
been tested yet under challenging conditions, its differential
functionality has been demonstrated in the current study by
detailed in vitro assays and characterization of the three spe-
cific proteasome activities. Our study is the initial step for
future research that may provide more resolved information
about this topic as more evidence gradually accumulates.

Finally, this study identified proteasomal activities from
two geographically distant decapod species and revealed their
distinctive properties. Our results may be attractive for contin-
uative basic research, and the proteasome may be exciting
targets for potential future therapeutic agents against emerging
pathogens affecting these species.
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