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Abstract

Background: Scabies is a disease of worldwide significance, causing considerable morbidity in both humans and other
animals. The scabies mite Sarcoptes scabiei burrows into the skin of its host, obtaining nutrition from host skin and blood.
Aspartic proteases mediate a range of diverse and essential physiological functions such as tissue invasion and migration,
digestion, moulting and reproduction in a number of parasitic organisms. We investigated whether aspartic proteases may
play role in scabies mite digestive processes.

Methodology/Principle Findings: We demonstrated the presence of aspartic protease activity in whole scabies mite
extract. We then identified a scabies mite aspartic protease gene sequence and produced recombinant active enzyme. The
recombinant scabies mite aspartic protease was capable of digesting human haemoglobin, serum albumin, fibrinogen and
fibronectin, but not collagen Ill or laminin. This is consistent with the location of the scabies mites in the upper epidermis of
human skin.

Conclusions/Significance: The development of novel therapeutics for scabies is of increasing importance given the
evidence of emerging resistance to current treatments. We have shown that a scabies mite aspartic protease plays a role in
the digestion of host skin and serum molecules, raising the possibility that interference with the function of the enzyme
may impact on mite survival.

Citation: Mahmood W, Viberg LT, Fischer K, Walton SF, Holt DC (2013) An Aspartic Protease of the Scabies Mite Sarcoptes scabiei Is Involved in the Digestion of

collection and analysis, decision to publish, or preparation of the manuscript.

* E-mail: Deborah.Holt@menzies.edu.au

Host Skin and Blood Macromolecules. PLoS Negl Trop Dis 7(11): €2525. doi:10.1371/journal.pntd.0002525
Editor: José M. C. Ribeiro, National Institute of Allergy and Infectious Diseases, United States of America
Received May 31, 2013; Accepted September 27, 2013; Published November 7, 2013

Copyright: © 2013 Mahmood et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.
Funding: This work was supported by the National Health and Medical Research Council (project grant 545220). The funders had no role in study design, data

Competing Interests: The authors have declared that no competing interests exist.

o Current address: Pharmaceutical Sciences, Comsats Institute of Information Technology, Abbottabad, Pakistan.

Introduction

Scabies is a discase of worldwide significance, caused by
infestation of the skin with the “itch mite” Sarcoptes scabiei. At the
end of the 20™ century, the global burden of scabies in humans
was estimated to be around 300 million cases worldwide [1].
Scabies is also a significant veterinary disease with S. scabier a
common parasite of economically important livestock, wildlife and
companion animals [2]. Evidence of emerging scabies mite
resistance to ivermectin [3,4,5] and permethrin [6,7] emphasises
the need to develop new anti-parasite therapies. This requires
further understanding of scabies mite biology and host interaction.

Proteases play critical roles in the lifecycles of many parasites. As
a result they are considered to be potential targets for the
development of novel immunotherapeutic, chemotherapeutic, and
serodiagnostic agents. A study investigating the presence of
proteolytic activity in scabies mite extract detected phosphatase,
esterase, aminopeptidase and glycosidase activity [8]. However no
trypsin or chymotrypsin like serine protease activity was detected
in the scabies mite extract, although an active serine protease
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sequence had previously been identified among scabies mite
expressed sequence tags [9]. A recombinant active scabies mite
serine protease, designated Sar s 3, was shown to have trypsin like
activity. Recombinant Sar s 3 cleaves human filaggrin i vitro and
co-localises to the mite gut with filaggrin, a key component of the
stratum corneum [10]. The presence of cysteine protease activity
in scabies mite extract has not been investigated however multiple
active as well as putatively inactive cysteine proteases have been
identified among scabies mite expressed sequence tags [11] and
functional analysis of these molecules is underway [12].

Aspartic proteases, which have a pair of aspartic acid residues at
their active site, are known to mediate a range of diverse and
essential physiological functions such as tissue invasion and
migration, digestion, moulting and reproduction in a number of
parasitic organisms. The largest and most widely studied group of
aspartic proteases is the Al family, which includes the sub-families
of pepsinogen, renin, cathepsin E and cathepsin D. Cathepsin D-
like aspartic proteases are utilised as digestive enzymes by many
haematophagous and phytophagous hemipterans, dipterans, and
coleopterans [13]. Aspartic proteases play a key role in haemoglobin
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Author Summary

Scabies is an infectious disease of the skin caused by
infestation with the parasitic mite Sarcoptes scabiei. It is a
disease that has a considerable impact on humans and
other animals, including livestock, wildlife and companion
animals. Scabies mites burrow into the skin of their host,
consuming host skin and blood molecules. Aspartic
proteases play a key role in invasion and digestion
processes in many parasitic organisms. We have identified
a scabies mite aspartic protease and have shown that it is
capable of digesting human haemoglobin, serum albumin,
fibrinogen and fibronectin in vitro, indicating that it plays a
role in mite digestive processes. This raises the possibility
that interfering with the function of this digestive enzyme
may impact on mite survival.

proteolysis in a number of parasites including ticks [14], Plasmodium
[15], Schistosoma [16], Onchocerca [17], Haemonchus [18] and
hookworms [19]. A cathepsin D like aspartic protease of the
hookworms Angylostoma caninum and Necator americanus is expressed in
the oesophagus and intestine of the parasites and digests host
haemoglobin [19]. Schistosoma japonicum and Schistosoma manson
possess a cathepsin D like aspartic protease expressed predomi-
nantly in the gastroepidermis that digests haemoglobin in ingested
blood at a pH range of 2.5-4.6 [16]. These cathepsin D molecules
were also found to degrade host IgG, complement C3 and serum
albumin at acidic pH, contributing to the evasion of the host
Immune response as it penetrates its host [20]. In the more closely
related context of ectoparasites, extracts of the sheep scab mite
Psoroptes ovis have been shown to have aspartic protease activity that
is partially responsible for the digestion of host fibrinogen and
fibronectin. The enzyme is thought to play an anti-coagulant role by
degrading fibrinogen thus ensuring a continuous flow of serous
exudate from host skin lesions for mite nutrition [21]. An aspartic
protease from the cattle tick Rhipicephalus microplus was demonstrated
to have pepstatin-sensitive activity against haemoglobin and it’s
involvement in vitellin degradation was the first characterisation of
an aspartic protease involved in yolk degradation in an arthropod
[22]. Another aspartic protease in the same organism, designated
tick heme-binding aspartic proteinase, was later shown not only to
degrade vitellin but also to possibly regulate its degradation by
binding heme molecules on the surface of the enzyme [23]. An
aspartic protease from the tick Haemophysalis longicornis expressed as a
recombinant protein was able to digest haemoglobin and showed
elevated expression in the salivary gland and the midgut in response
to a blood meal [24].

Scabies mite extract has been shown to degrade fibronectin,
fibrinogen and haemoglobin [8] however the enzymes responsible
for this were not identified. The presence of aspartic protease
activity in the scabies mite extract was not investigated and the
role that scabies mite aspartic proteases may play in the
degradation of host proteins has not been determined. This study
aimed to investigate aspartic protease activity in the scabies mite
and to determine the role aspartic proteases may play in the
digestion of physiologically relevant host macromolecules.

Methods

Ethics statement

Human scabies mites were harvested from skin collected from
crusted scabies patients admitted to the Royal Darwin Hospital,
Northern Territory, Australia. All participants were given project
information and provided written informed consent prior to skin
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collection. Human blood was collected with informed consent
from a healthy volunteer. The project was approved by the
Human Research Ethics Committee of the Northern Territory
Department of Health and the Menzies School of Health
Research, and was conducted in accordance with the Australian
National Health and Medical Research Council’s National
Statement on Ethical Conduct in Human Research.

Preparation of whole scabies mite extract

Human scabies mites were collected in pools of approximately
150 and stored in PBS at —80°C until protein extraction. The
mites were then washed twice with PBS with centrifugation at
13000 g for 5 minutes, resuspended in 100 ul PBS and homog-
enised with a motorised pestle. The suspension was sonicated for
1 minute and the debris pelleted by centrifugation at 17400 g for
30 minutes at 4°C. The supernatant was recovered and the
protein concentration determined by Bradford assay [25] (Bio-Rad
Laboratories, Reagents Park, NSW, Australia).

Aspartic protease activity assays using a fluorogenic
substrate

The fluorogenic substrate MoCAc-Gly-Lys-Pro-Ile-Leu-Phe-
Phe-Arg-Leu-Lys(Dnp)-D-Arg-NH (Sigma Aldrich, Castle Hill,
NSW, Australia) was used to detect aspartic protease activity in the
scabies mite extract. Each 200 ul reaction contained 100 mM
sodium citrate pH 3.5, 20 pM fluorogenic substrate dissolved in
DMSO, 19 ug scabies extract protein or 27.5 nM human
cathepsin D (Sigma Aldrich) and 5 pM pepstatin A (Sigma
Aldrich), where used. The reactions were incubated at 37°C for
5 minutes prior to the addition of the substrate, and for a further
5 minutes if pepstatin A was also used. The fluorescence units
were recorded at 60 second intervals commencing after 10 min-
utes, for three hours at 37°C on a Victor3 fluorometer (Perkin
Elmer, Glen Waverley, Vic, Australia) using 340 nm absorption
and 405 nm emission filters.

Aspartic protease activity assays using haemoglobin as
the substrate

Haemoglobin was extracted from human blood by washing
20 mL of blood twice with three volumes of normal saline with red
cells pelleted by centrifugation at 600 g for 10 minutes. Pelleted
red cells were then lysed by resuspending in four volumes of
hypotonic medium (0.1 x PBS) and gently mixing for 10 minutes.
Cell debris was removed by centrifugation at 14000 g for
30 minutes. Haemoglobin concentration was measured by Brad-
ford assay and the purity assessed by running on a 15% SDS-
PAGE gel and staining with coomassie brilliant blue R-250 (Sigma
Aldrich). Extracted haemoglobin was stored at 4°C until use. Acid
denatured haemoglobin was prepared by adjusting the pH of the
extracted haemoglobin solution to pH 1.6 with 10.2 M hydro-
chloric acid and incubating at room temperature for 10 minutes
prior to use in haemoglobinolysis assays.

Haemoglobinolysis assays were initially carried out over a pH
range of 3.5-8.5. Sodium citrate was used for making the buffer of
pH 3.5, sodium acetate for buffers of pH 4.5 and 5.5, sodium
phosphate for buffers of pH 6.5 and 7.5 and HEPES for the buffer
of pH 8.5. Reactions contained 100 ug acid denatured haemo-
globin, 19 pug whole scabies mite extract and 100 uM of the
relevant buffer in a final volume of 60 pL. Reactions were
incubated at 37°C for 5 minutes prior to the addition of the
substrate then incubated at 37°C for 2 hours. Protein bands were
visualised by running on a 15% non-reducing SDS-PAGE and
staining with coomassie brilliant blue R-250.
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Figure 1. Detection of aspartic protease activity in scabies mite extract using a fluorescent substrate. The fluorescence signal was
recorded at 60 second intervals, commencing after 10 minutes.
doi:10.1371/journal.pntd.0002525.g001

Sequence identification and analysis proteases. As the contig lacked the 5 end of the gene sequence, the

An EST dataset of over 40,000 human scabies mite (S. scabiei ~ sequence was completed using a PCR and sequencing based
var. hominis) sequences [26,27] was analysed using BLASTx [28] approach on cDNA libraries using a combination of contig specific
against the GenBank non-redundant database. A single contig of and vector primers. The complete coding sequence was submitted
10 sequences was shown to have homology to known aspartic to GenBank (accession number KC540783). Signal sequence

1 2 3 4 5 6 7 8

Figure 2. Digestion of acid denatured haemoglobin by scabies mite extract at pH 3.5-8.5. Haemoglobinolytic activity in whole human
scabies mite extract was detected using acid denatured human haemoglobin (AD-Hb) as substrate at pH 3.5-8.5. Reactions were run on a 15% non-
reducing SDS-PAGE gel and stained with coomassie brilliant blue R-250. Lane 1, molecular weight marker; lane 2, AD-Hb; lanes 3-8, AD-Hb plus
scabies mite extract at pH 3.5, 4.5, 5.5, 6.5, 7.5 and 8.5 respectively.

doi:10.1371/journal.pntd.0002525.g002
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prediction was made using SignalP-HMM [29]. The amino acid
sequence was compared to available sequences on GenBank using

BLASTp [28].

Preparation of enzymatically active recombinant S.
scabiei aspartic protease

The sequence of the S. scabier aspartic protease truncated by 23
amino acids at the N-terminus (designated N23SsAP) was amplified
from a scabies mite cDNA library [26,27] using the primers (5'-3")
F- gCawATCCAAATTATTACEAGTCAAATTeC and R-gCCTgCAT-
CATTgTgATTgCgTAATg yielding a 1191 bp product. The primers
included restriction enzyme sites (italicised in primer sequences), to
facilitate directional cloning into pQE-9 in frame with the N-
terminal hexa-histidine tag. The plasmid was transformed and
expressed in F.coli strain BL21/pREP4. Cell pellets were resus-
pended in 50 mM Tris, 150 mM NaCl, 1 mM MgCI2, at a
concentration of 1 g cells/5 ml buffer. The cells were lysed by
sonication and inclusion bodies were isolated by layering 18 ml of
the cell lysate over 10 ml of 27% sucrose solution followed by
centrifugation for 45 minutes at 12000 xg. The pellet was then
resuspended in 50 mM Tris, 150 mM NaCl, 1 mM MgCl2, 1%
Triton X-100 and passed again through a 27% sucrose solution as
described above. The inclusion bodies were resuspended in 20 mM
Tris buffer pH 8.0 at a concentration of 100 mg/ml. Inclusion
bodies were solubilised at 2 mg/ml for 2 hours in denaturation
buffer (8M urea, 50 mM Tris, ] mM DT'T, 150 mM NaCl, 10 mM
imidazole, pH 8.5), then the pH adjusted to 7.0 with 4M HCL The
denatured protein solution was then centrifuged at 8000xg for
10 minutes to sediment any precipitates.
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A Ni-NTA (Qiagen, Chadstone, Victoria, Australia) column
was equilibrated with five column volumes of the solubilisation
buffer. 25 mg solubilised inclusion bodies were loaded on the
column and mixed for one hour at room temperature. The
column was washed with 10 ml of 8M urea, 50 mM Tris, 1 mM
DTT, 150 mM NaCl, 20 mM imidazole, pH 8.5. Bound histi-
dine-tagged protein was eluted in 1.5 ml fractions with 8M urea,
20 mM Tris, 1 mM DTT, 150 mM NaCl, 250 mM imidazole,
pH 8.5. The purified protein was concentrated using an stirred
cell concentrator with 10 kDa molecular weight cut-oft (MWCO)
filter discs (Millipore, Billerica, MA, USA) to a final protein
concentration of 2 mg/ml. The denatured protein was refolded by
adding the protein drop wise to cold refolding buffer (20 mM
NaH,PO4, 20 mM NaCl, 0.3 mM oxidised glutathione, 3 mM
reduced glutathione, 300 mM L-arginine, pH 6.4) over a period of
2 hours to a final protein concentration of 20 pg/ml, with the
refolding buffer stirring at a slow speed at 4°Cl. The refolding mix
was left standing at 4°C for 24 hours, then the protein was
concentrated in a 10 kDa MWCO centrifuge filter device. The
concentration of the protein was determined by Bradford assay.

The refolded protein was activated by incubating the zymogen
in 0.1M sodium citrate buffer pH 3.5and the activated protease
was visualised by silver staining after separation by SDS-PAGE. A
total of 11 different pH conditions were tested for the determi-
nation of the optimal pH for enzymatic activity of the activated
N23SsAP using the fluorogenic substrate assay described above.
Sodium citrate was used for buffers of pH 2.5-5.5, sodium
phosphate for buffers of pH 6-7.5 and Tris for buffers of pH 8-9.
The highest initial enzyme velocity was designated as 100% and
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Figure 3. Production of enzymatically active recombinant N23SsAP. A. N23SsAP was expressed in E. coli and purified over Ni-NTA. The
expressed and purified protein was analysed by SDS-PAGE stained with coomassie brilliant blue R-250. Lane 1, molecular weight marker; lane 2, E. coli
lysate before induction of the protein expression; lane 3, E. coli lysate after induction of the protein expression; lane 4, flow through from the Ni-NTA
column; lane 5, purified N23SsAP eluted from the Ni-NTA column. B. N23SsAP (lane 2) was incubated at pH 3.5 and samples taken after 15 (lane 3)
and 30 minutes (lane 4). Activation of the zymogen was visualised by silver staining after SDS-PAGE. Downward pointing arrow- zymogen; upward
pointing arrow- activated enzyme. C. The activity of the activated enzyme at different pH conditions was measured using a fluorogenic substrate. The
highest initial enzyme velocity was designated as 100% and enzyme velocities at other pHs were calculated as a percentage of this maximum value.
doi:10.1371/journal.pntd.0002525.g003
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Figure 4. Digestion of human haemoglobin by the recombinant human scabies mite aspartic protease N23SsAP. The
haemoglobinolytic activity of N23SsAP was detected using native human haemoglobin as substrate at pH 3.5. Reactions were run on a 15% non-
reducing SDS-PAGE gel and stained with coomassie brilliant blue R-250. Lane 1, molecular weight marker; lane 2, haemoglobin alone; lanes 3-6,

haemoglobin plus N23SsAP, incubated for 1 hour (lane 3), 2 hours (lane 4), 4 hours (lane 5) or 12 hours (lane 6).

doi:10.1371/journal.pntd.0002525.g004

enzyme velocities at other pHs were calculated as a percentage of
this maximum value.

Digestion of human haemoglobin and serum albumin by
recombinant N23SsAP

Each 200 pl reaction contained 225 pg human haemoglobin or
62.5 ug human serum albumin, 2.5 pug refolded N23SsAP and
0.1M sodium citrate buffer pH 3.5. The recombinant enzyme was
activated by incubating with the buffer for five minutes at 37°C
prior to the addition of substrate. The reactions were then

75kDa __ -
S0kDa _
37kDa __ -

25 kDa

-
1 2 3 4

incubated at 37°C and samples taken at regular intervals and
analysed on a 15% non-reducing SDS-PAGE gel.

Digestion of human skin macromolecules by
recombinant N23SsAP

Each 80 ul reaction contained 0.1M sodium citrate buffer
pH 3.5, 0.3 pg refolded N23SsAP, 5 uM pepstatin A (where used)
and 10 ug of one of the following substrates: fibrinogen;
fibronectin; collagen III; or laminin. All the substrates were of
human origin (Sigma Aldrich). In the reactions where enzyme

5 6

Figure 5. Digestion of human serum albumin by the recombinant human scabies mite aspartic protease N23SsAP. Recombinant
N23SsAP was tested for its ability to digest human serum albumin. Reactions were run on a 15% non-reducing SDS-PAGE gel and stained with
coomassie brilliant blue R-250. Lane 1, molecular weight marker; lanes 2-6, serum albumin plus N23SsAP, incubated for 15 minutes (lane 2), 1 hour
(lane 3), 2 hours (lane 4), 4 hours (lane 5) or 12 hours (lane 6).

doi:10.1371/journal.pntd.0002525.g005
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Figure 6. Digestion of human fibrinogen by the recombinant human scabies mite aspartic protease N23SsAP. Recombinant N23SsAP
was tested for its ability to digest human fibrinogen. Reactions were run on a 15% non-reducing SDS-PAGE gel and stained with coomassie brilliant
blue R-250. Lane 1, molecular weight marker; lane 2, fibrinogen alone; lanes 3 and 5, fibrinogen plus N23SsAP; lanes 4 and 6, fibrinogen plus N23SsAP
and pepstatin A, after 4 hours incubation (lanes 3 and 4) and 13 hours incubation (lanes 5 and 6).

doi:10.1371/journal.pntd.0002525.9006

activity was required to be blocked, pepstatin A was added to the
activated enzyme reaction for five minutes before the addition of
the substrate. The reactions were incubated at 37°C and samples
were removed after 4 hours and 13 hours and analysed on 12% or
15% non-reducing SDS-PAGE gels.

Results

Analysis of aspartic protease activity in whole scabies
mite extract

Whole scabies mite extract was initially examined for evidence
of aspartic protease activity using a general aspartic protease
fluorogenic substrate. Reactions were conducted at pH 3.5 as
most aspartic proteases are active at an acidic pH. The human
aspartic protease cathepsin D showed cleavage of the fluorescent
substrate immediately, reaching maximum cleavage after 60 min-
utes, with cleavage completely blocked by the general aspartic
protease inhibitor pepstatin A (Figure 1). Cleavage of the
fluorescent substrate by the scabies mite extract was first detected
after 18 minutes and reached the level of cleavage of human
cathepsin D after two hours. Cleavage of the fluorogenic
substrate by the scabies mite extract was blocked by pepstatin
A, indicating the presence of aspartic protease activity in the
whole mite extract.

PLOS Neglected Tropical Diseases | www.plosntds.org

The ability of scabies mite extract to digest human haemoglobin
was then investigated. Reactions carried out with acid denatured
haemoglobin over a pH range of 3.5-8.5 showed that almost
complete digestion of acid denatured haemoglobin occurred at
pH 3.5, with little or no digestion observed at pH 4.5 or above
(Figure 2). Thus digestion of haemoglobin by the scabies mite
extract occurred almost exclusively at an acidic pH consistent with
digestion by aspartic and or cysteine proteases, as has been shown
for related organisms such as ticks [14].

S. scabiei aspartic protease sequence identification and
analysis

To identify gene(s) encoding aspartic protease activity in the
scabies mite, we analysed a S. scabier var. hominis expressed
sequence tag dataset [26,27]. A single contig with homology to
aspartic proteases from other organisms was identified. The
sequence was predicted to encode a prepro-enzyme of 419 amino
acids with a mass of 46.28 kDa, and a signal peptide of 22 amino
acids. The deduced amino acid sequence shows many of the
distinguishing features of the Al family of aspartic proteases
including two homologous lobes each containing a conserved
DTG motif and the conservation of six cysteine residues predicted
to form three characteristic disulphide bonds [30]. Comparison of
the scabies mite aspartic protease pro-enzyme sequence with

November 2013 | Volume 7 | Issue 11 | e2525



250 kDa

50 kDa

75 kDa

50 kDa

37 kDa

1 2 3 4 5

Identification of a Scabies Mite Aspartic Protease

6

Figure 7. Digestion of human fibronectin by the recombinant human scabies mite aspartic protease N23SsAP. Recombinant N23SsAP
was tested for its ability to digest human fibronectin. Reactions were run on a 15% non-reducing SDS-PAGE gel and stained with coomassie brilliant
blue R-250. Lane 1, molecular weight marker; lane 2, fibrinonectin alone; lanes 3 and 5, fibrinonectin plus N23SsAP; lanes 4 and 6, fibrinonectin plus
N23SsAP and pepstatin A, after 4 hours incubation (lanes 3 and 4) and 13 hours incubation (lanes 5 and 6).

doi:10.1371/journal.pntd.0002525.9g007

sequences available in GenBank showed that it had greatest
sequence identity to cathepsin D aspartic proteases including from
other Acari, such as the Blo t allergen of the storage mite Blomia
tropicalis (AAX33731, 61% amino acid identity) and the cathepsin
D of the tick Ixodes scapularis (XP_002416518, 54% amino acid
identity). Based on the cleavage site of the pro-segment of human
cathepsin D, the scabies mite aspartic protease has a pro-segment
that is 52 amino acids in length yielding a 345 amino acid mature
polypeptide.

Preparation of enzymatically active N23SsAP

Recombinant S. scabiei aspartic protease lacking the first 23
amino acids of the full protein sequence (N23SsAP) was produced
in E. coli. The protein was expressed in inclusion bodies and
purified over Ni-NTA (Figure 3A). N23SsAP was refolded using a
rapid dilution method and self-activated at pH 3.5 (Figure 3B).
The activity of the recombinant N23SsAP was determined using
the fluorescent substrate assay. N23SsAP shows the characteristic
pH profile of an aspartic protease, with maximum activity in the
range of pH 3.5-4.5 (Figure 3C).

Digestion of blood and skin macromolecules by
recombinant S. scabiei aspartic protease

A number of physiologically relevant blood and skin macro-
molecules were then tested as substrates for N23SsAP. Digestion of
native human haemoglobin into smaller peptides was apparent
after one hour of incubation with N23SsAP, with further digestion

PLOS Neglected Tropical Diseases | www.plosntds.org

apparent after 12 hours (Figure 4). Evidence of digestion human
serum albumin by N23SsAP was also apparent after one hour,
with considerable digestion observed after 12 hours (Figure 5).
Undigested fibrinogen appeared as a series of bands between 75
and 50 kDa on a 15% SDS-PAGE gel (Figure 6, lane 2). After four
hours of incubation with N23SsAP, much of the fibrinogen was
digested to a size less than 50 kDa (lane 3). After 13 hours
incubation, fibrinogen had undergone substantial digestion (lane
5). The fibrinogen digestion by N23SsAP was inhibited by
pepstatin A (lanes 4 and 6). Similarly, the large molecular weight
fibronectin showed significant digestion by N23SsAP after 4 and
13 hours. This digestion was largely inhibited by the addition of
pepstatin A (Figure 7). No digestion of collagen III (Figure 8) or
laminin (data not shown) was observed, with the substrates
remaining intact after 13 hours incubation with N23SsAP.

Discussion

This study details the first analysis of aspartic protease activity in
scabies mites. The presence of aspartic protease activity in scabies
mite extract was clearly shown using both a fluorescent peptide
and human haemoglobin as substrates. The lag in the activity of
the scabies mite extract supports the possibility that the scabies
mite aspartic protease being present as a zymogen in the mite
extract (Figure 1). The observed lag might also be due to an
unmatched specificity of the scabies mite aspartic protease to the
fluorogenic substrate. The higher rate of cleavage by human
cathepsin D might be due to the fact that the cleavage of the

November 2013 | Volume 7 | Issue 11 | e2525
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Figure 8. Digestion of human collagen Ill by the recombinant human scabies mite aspartic protease N23SsAP. Recombinant N23SsAP
was tested for its ability to digest human collagen Ill. Reactions were run on a 15% non-reducing SDS-PAGE gel and stained with coomassie brilliant
blue R-250. Lane 1, molecular weight marker; lane 2, collagen Il alone; lanes 3 and 5, collagen Ill plus N23SsAP; lanes 4 and 6, collagen Il plus
N23SsAP and pepstatin A, after 4 hours incubation (lanes 3 and 4) and 13 hours incubation (lanes 5 and 6).

doi:10.1371/journal.pntd.0002525.g008

fluorescent substrate is between a Phe-Phe bond, which matches
the specificity of human cathepsin D. While the Al family of
aspartic proteases generally has a cleavage site between two
hydrophobic residues, neither the concentration nor the specificity
of the aspartic protease present in the scabies mite extract is
currently known. The preference of scabies mite extract to digest
haemoglobin at an acidic pH is consistent with aspartic protease
activity.

A single S. scabier aspartic protease gene was identified, with
sequence analysis revealing that the gene encoded a cathepsin D
like enzyme. Despite subsequent analysis of a large EST dataset
and PCR based approaches using degenerate primers designed to
the highly conserved active site regions on scabies mite cDNA
and DNA, no further genes encoding aspartic proteases were
identified (data not shown). Thus while the presence of further
genes encoding aspartic proteases cannot be ruled out, the
present data suggest that scabies mites may possess a single
aspartic protease gene. This is in contrast to other mammalian
parasites such as ticks, hookworms, schistosomes and malaria
parasites, where aspartic proteases are expressed as a family of
enzymes. For example, although there is high sequence identity
among the plasmepsin family of aspartic proteases of the malaria
parasite Plasmodium, their substrate specificity and response to
inhibitors differ [31]. Of the three aspartic protease paralogues
identified in the tick Ixodes ricinus, only one is exclusively expressed
in the gut, where it is involved in haemoglobin digestion [32],
indicating other potential roles for the other paralogues. Thus
competitive and selective inhibition of aspartic protease activity in
these parasites is a challenging task. The presence of a single
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aspartic protease in the scabies mite would not present such
complexity.

In this study, recombinant S. scabiei aspartic protease N23SsAP
was shown to digest human haemoglobin, serum albumin,
fibrinogen and fibronectin. A previous study of enzymatic activity
in scabies mite extract, which did not investigate aspartic protease
activity, reported the absence of lipase activity in the scabies mite
extract pointing towards a non-lipid source of nutrition [8].
Although the exact source of nutrition for scabies mites has not
been conclusively demonstrated, abundant proteins such as
haemoglobin and serum albumin are expected to be major
sources of amino acids. Canine scabies mites have been shown to
have longer in vitro survival times on diets that contain serum [33].
Similar to Psoroples mites, the digestion of fibronectin and
fibrinogen by scabies mites could perform an anti-coagulation
function ensuring the availability of serous material containing
albumin and haemoglobin. The recombinant N23SsAP was
unable to digest human collagen III and laminin in these
experiments. These skin molecules form part of the basement
membrane and may represent the boundary that restricts scabies
mites to the epidermal layer of human skin.

The role of aspartic proteases in pathogenic processes has been
established for a number of parasites. The essential nature of these
enzymes in the lifecycle of some parasites has made them targets of
drug discovery and vaccine development efforts. For example,
monoclonal antibodies against the R. microplus yolk pro-cathepsin
inoculated into cattle were able to produce partial protection
against challenge with R. mucroplus larvae [34]. Subsequent
vaccination trials with recombinant yolk pro-cathepsin induced
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an overall protection of 25% against challenge with R. microplus
larvae [35]. An aspartic protease from the human hookworm N.
americanus was shown to be efficacious as a vaccine against
subsequent hookworm challenge in dogs with lower adult parasite
burdens and reduced host blood loss observed in vaccinated
animals [36,37]. Peptides from the N. americanus aspartic protease
induced neutralising antibodies in mice that inhibited the
enzymatic activity of the protease [38,39]. The development of
novel therapeutics for scabies is of increasing importance given the
evidence of emerging resistance to current treatments. We have
shown that a scabies mite aspartic protease is able to digest human
skin and serum molecules, raising the possibility that interference
with the function of the enzyme may impact on mite survival.

References

1. Hengge UR, Currie BJ, Jager G, Lupi O, Schwartz RA (2006) Scabies: a
ubiquitous neglected skin disease. Lancet Infect Dis 6: 769-779.

2. Pence DB, Ueckermann E (2002) Sarcoptic manage in wildlife. Rev Sci Tech 21:
385-398.

3. Currie BJ, Harumal P, McKinnon M, Walton SF (2004) First documentation of in
vivo and n vitro ivermectin resistance in Sarcoptes scabiei. Clin Infect Dis 39: e8-12.

4. Mounsey KE, Holt DC, McCarthy JS, Currie BJ, Walton SF (2009)
Longitudinal evidence of increasing i vitro tolerance of scabies mites to
ivermectin in scabies-endemic communities. Arch Dermatol 145: 840-841.

5. Terada Y, Murayama N, Ikemura H, Morita T, Nagata M (2010) Sarcoptes scabiei
var. canis refractory to ivermectin treatment in two dogs. Vet Dermatol 21: 608~
612.

6. Walton SF, Myerscough MR, Currie BJ (2000) Studies in vitro on the relative
efficacy of current acaricides for Sarcoptes scabiei var. hominis. Trans R Soc Trop
Med Hyg 94: 92-96.

7. Mounsey KE, Holt DC, McCarthy J, Currie BJ, Walton SF (2008) Scabies:
molecular perspectives and therapeutic implications in the face of emerging drug
resistance. Future Microbiol 3: 57-66.

8. Morgan MS, Arlian LG (2006) Enzymatic activity in extracts of allergy-causing
astigmatid mites. ] Med Entomol 43: 1200-1207.

9. HoltDC, Fischer K, Allen GE, Wilson D, Wilson P, et al. (2003) Mechanisms for a
novel immune evasion strategy in the scabies mite Sarcoples scabiei: a multigene
family of inactivated serine proteases. J Invest Deramtol 121: 1419-1424.

10. Beckham SA, Boyd SE, Reynolds S, Willis C, Johnstone M, et al. (2009)
Characterization of a serine protease homologous to house dust mite group 3
allergens from the scabies mite Sarcoptes scabiei. J Biol Chem 284: 34413-34422.

11. Holt DC, Fischer K, Pizzutto SJ, Currie BJ, Walton SF, et al. (2004) A multigene
family of inactivated cysteine proteases in Sarcoptes scabiei. ] Invest Deramtol 123:
240-241.

12. Holt DC, Burgess ST, Reynolds SL, Mahmood W, Fischer K (2012) Intestinal
proteases of free-living and parasitic astigmatid mites. Cell Tissue Res 351: 339—
352.

13. Nisbet AJ, Billingsley PF (2000) A comparative survey of the hydrolytic enzymes
of ectoparasitic and free-living mites. Int J Parasitol 30: 19-27.

14. Sojka D, Franta Z, Horn M, Caffrey CR, Mares M, et al. (2013) New insights
into the machinery of blood digestion by ticks. Trends Parasitol 29: 276-285.

15. Francis SE, Gluzman IY, Oksman A, Knickerbocker A, Mueller R, et al. (1994)
Molecular characterization and inhibition of a Plasmodium faleiparum aspartic
hemoglobinase. EMBO J 13: 306-317.

16. Brindley PJ, Kalinna BH, Wong JY, Bogitsh BJ, King LT, et al. (2001)
Proteolysis of human hemoglobin by schistosome cathepsin D. Mol Biochem
Parasitol 112: 103-112.

17. Jolodar A, Fischer P, Buttner DW, Miller DJ, Schmetz C, et al. (2004) Onchocerca
volvulus: expression and immunolocalization of a nematode cathepsin D-like
lysosomal aspartic protease. Exp Parasitol 107: 145-156.

18. Longbottom D, Redmond DL, Russell M, Liddell S, Smith WD, et al. (1997)
Molecular cloning and characterisation of a putative aspartate proteinase
associated with a gut membrane protein complex from adult Haemonchus contortus.
Mol Biochem Parasitol 88: 63-72.

19. Williamson AL, Brindley PJ, Abbenante G, Prociv P, Berry C, et al. (2002)
Cleavage of hemoglobin by hookworm cathepsin D aspartic proteases and its
potential contribution to host specificity. FASEB J 16: 1458-1460.

20. Verity CK, Loukas A, McManus DP, Brindley PJ (2001) Schistosoma japonicum
cathepsin D aspartic protease cleaves human IgG and other serum components.
Parasitol 122: 415-421.

21. Kenyon F, Knox D (2002) The proteinases of Psoroptes ovis, the sheep scab mite-
their diversity and substrate specificity. Vet Parasitol 105: 317-325.

PLOS Neglected Tropical Diseases | www.plosntds.org

Identification of a Scabies Mite Aspartic Protease

Acknowledgments

We thank patients and staff at the Royal Darwin Hospital for their
participation and assistance with this study and Dr. Angela Mika for
technical assistance and advice on enzyme production.

Author Contributions

Conceived and designed the experiments: WM SFW DCH. Performed the
experiments: WM LTV KF DCH. Analyzed the data: WM LTV KF SFW
DCH. Contributed reagents/materials/analysis tools: WM KF SFW
DCH. Wrote the paper: WM DCH.

22. Logullo C, Vaz Ida S, Sorgine MH, Paiva-Silva GO, Faria FS, et al. (1998)
Isolation of an aspartic proteinase precursor from the egg of a hard tick, Boophilus
microplus. Parasitol 116 (Pt 6): 525-532.

23. Sorgine MH, Logullo C, Zingali RB, Paiva-Silva GO, Juliano L, et al. (2000) A
heme-binding aspartic proteinase from the eggs of the hard tick Boophilus
microplus. J Biol Chem 275: 28659-28665.

24. Boldbaatar D, Sikalizyo Sikasunge C, Battsetseg B, Xuan X, Fujisaki K (2006)
Molecular cloning and functional characterization of an aspartic protease from
the hard tick Haemaphysalis longicornis. Insect Biochem Mol Biol 36: 25-36.

25. Bradford MM (1976) A rapid and sensitive method for the quantitation of
microgram quantities of protein utilizing the principle of protein-dye binding.
Anal Biochem 72: 248-254.

26. Fischer K, Holt DC, Harumal P, Currie BJ, Walton SF, et al. (2003) Generation
and characterization of cDNA clones from Sarcoptes scabiei var. hominis for an
expressed sequence tag library: identification of homologues of house dust mite
allergens. Am J Trop Med Hyg 68: 61-64.

27. Fischer K, Holt DC, Wilson P, Davis J, Hewitt V, et al. (2003) Normalization of
a cDNA library cloned in lambda ZAP by a long PCR and ¢cDNA reassociation
procedure. Biotechniques 34: 250-252, 254.

28. Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ (1990) Basic local
alignment search tool. J] Mol Biol 215: 403-410.

29. Nielsen H, Krogh A (1998) Prediction of signal peptides and signal anchors by a
hidden Markov model. Proc Int Conf Intell Syst Mol Biol 6: 122-130.

30. Rawlings ND, Barrett AJ (1995) Families of aspartic peptidases, and those of
unknown catalytic mechanism. Methods Enzymol 248: 105-120.

31. Beyer BB, Johnson JV, Chung AY, Li T, Madabushi A, et al. (2005) Active-site
specificity of digestive aspartic peptidases from the four species of Plasmodium that
infect humans using chromogenic combinatorial peptide libraries. Biochem 44:
1768-1779.

32. Sojka D, Franta Z, Frantova H, Bartosova P, Horn M, et al. (2012)
Characterization of gut-associated cathepsin D hemoglobinase from tick Ixodes
ricinus (IrCD1). J Biol Chem 287: 21152-21163.

33. Arlian LG, Runyan RA, Vyszenski-Moher DL (1988) Water balance and
nutrient procurement of Sarcoptes scabier var. canis (Acari: Sarcoptidace). ] Med
Entomol 25: 64-68.

34. da Silva Vaz I, Jr., Logullo C, Sorgine M, Velloso FF, Rosa de Lima MF, et al.
(1998) Immunization of bovines with an aspartic proteinase precursor isolated
from Boophilus microplus eggs. Vet Immunol Immunopathol 66: 331-341.

35. Leal AT, Seixas A, Pohl PC, Ferreira CA, Logullo C, et al. (2006) Vaccination of
bovines with recombinant Boophilus Yolk pro-Cathepsin. Vet Immunol
Immunopathol 114: 341-345.

36. Loukas A, Bethony JM, Mendez S, Fujiwara RT, Goud GN, et al. (2005)
Vaccination with recombinant aspartic hemoglobinase reduces parasite load and
blood loss after hookworm infection in dogs. PLoS Med 2: ¢295.

37. Pearson MS, Bethony JM, Pickering DA, de Oliveira LM, Jariwala A, et al.
(2009) An enzymatically inactivated hemoglobinase from Necator americanus
induces neutralizing antibodies against multiple hookworm species and protects
dogs against heterologous hookworm infection. FASEB J 23: 3007-3019.

38. Pearson MS, Pickering DA, Tribolet L, Cooper L, Mulvenna J, et al. (2010)
Neutralizing antibodies to the hookworm hemoglobinase Na-APR-1: implica-
tions for a multivalent vaccine against hookworm infection and schistosomiasis.
J Infect Dis 201: 1561-1569.

39. Skwarczynski M, Dougall AM, Khoshnejad M, Chandrudu S, Pearson MS, et
al. (2012) Peptide-Based Subunit Vaccine against Hookworm Infection. PLoS
One 7: e46870.

November 2013 | Volume 7 | Issue 11 | e2525



