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Abstract Late embryogenesis abundant (LEA) proteins are
highly hydrophilic, low complexity proteins whose expression
has been correlated with desiccation tolerance in anhydrobiotic
organisms. Here, we report the identification of three new
mitochondrial LEA proteins in anhydrobiotic embryos of
Artemia franciscana, AfrfLEA3m_47, AffLEA3m 43, and
AfrLEA3m 29. These new isoforms are recognized by anti-
body raised against recombinant AfrLEA3m, the original
mitochondrial-targeted LEA protein previously reported from
these embryos; mass spectrometry confirms all four proteins
share sequence similarity. The corresponding messenger RNA
(mRNA) species for the four proteins are readily amplified
from total complementary DNA (cDNA) prepared from em-
bryos. cDNA sequences of the four mRNAs are quite similar,
but each has a stretch of sequence that is absent in at least one of
the others, plus multiple single base pair differences. We con-
clude that all four mitochondrial LEA proteins are products
of independent genes. Each possesses a mitochondrial
targeting sequence, and indeed Western blots performed on
extracts of isolated mitochondria clearly detect all four
isoforms. Based on mass spectrometry and sodium dodecyl
sulfate polyacrylamide gel electrophoresis migration, the
cytoplasmic-localized AfrLEA2 exists primarily as a
homodimer in A. franciscana. Quantification of protein ex-
pression for AfrfLEA2, AfrLEA3m, AfrLEA3m 43, and
AfrfLEA3m_29 as a function of development shows that cel-
lular concentrations are highest in diapause embryos and
decrease during development to low levels in desiccation-
intolerant nauplius larvae. When adjustment is made for mi-
tochondria matrix volume, the effective concentrations of
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cytoplasmic versus mitochondrial group 3 LEA proteins are
similar in vivo, and the values provide guidance for the design
of in vitro functional studies with these proteins.

Keywords Intrinsically disordered proteins (IDPs) -
Mitochondrion - Desiccation tolerance - Brine shrimp

Introduction

When considering the ability to survive water stress, the most
extreme examples are anhydrobiotic organisms, which can sur-
vive extended periods of almost complete desiccation (Keilin
1959; Crowe and Clegg 1973; Crowe and Madin 1974; Crowe
and Clegg 1978; Clegg 2005; Watanabe 2006; Cornette and
Kikawada 2011; Welnicz et al. 2011). In nature, anhydrobiotic
organisms such as nematodes and tardigrades routinely experi-
ence dehydration down to 2 % tissue water (Crowe and Madin
1974; Alpert 2006), and the brine shrimp embryo can survive an
even lower residual water content under aggressive experimental
drying in the laboratory (Clegg et al. 1978; Hengherr et al.
2011a, b). As research on this topic progresses, it is becoming
clear that desiccation tolerance relies on a number of different
mechanisms and requires the stabilization of individual organ-
elles in addition to cytosolic components (Pouchkina-Stantcheva
et al. 2007; Tunnacliffe and Wise 2007; Hand and Hagedorn
2008; Atkin and Macherel 2009; Hand et al. 2011; Tripathi et al.
2012). The accumulation of low molecular weight organic sol-
utes, such as trehalose, is often seen in desiccation tolerant
organisms. These organic solutes aid in macromolecular protec-
tion at low water contents (Yancey et al. 1982; Yancey 2005). In
addition to organic solutes, several types of protective macro-
molecules are correlated with desiccation tolerance, including
late embryogenesis abundant (LEA) proteins and small stress
proteins like Artemia P26, Hsp 21, and Hsp 22 (Clegg et al.
1994; Liang et al. 1997a, b; Willsie and Clegg 2001; Clegg
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2005; Qiu and MacRae 2008a, b). Desiccation-tolerant embryos
of Artemia franciscana possess a multitude of LEA proteins
(Hand et al. 2007; Menze et al. 2009; Sharon et al. 2009; Chen
et al. 2009; Warner et al. 2010, 2012; Wu et al. 2011). In the
present study, we identify three new mitochondrial LEA
proteins, AffLEA3m_ 47, AffLEA3m 43, and AffLEA3m_ 29,
and quantify protein expression for AffLEA2, AffLEA3m,
AffLEA3m 43, and AffLEA3m_29 during diapause and devel-
opment in A. franciscana. We also report evidence that
cytoplasmic-targeted AffLEA2 exists primarily as a homodimer
in vivo.

To date, all LEA proteins described from animals have
been assigned to group 3 (for classification scheme, see
Wise 2003), with the exception of group 1 LEA proteins
discovered in A. franciscana (Sharon et al. 2009; Warner
et al. 2010; Wu et al. 2011; Marunde et al. 2013). Group 3
LEA proteins are predicted to have high alpha-helix content,
but have been found experimentally to be unfolded when fully
hydrated in aqueous solution (Goyal et al. 2003). Interestingly,
Goyal et al. (2003) found that a group 3 LEA protein from an
anhydrobiotic nematode adopted a «-helical structure upon
desiccation, with a possible coiled-coil formation. Group 3
LEA proteins are characterized as being highly hydrophilic,
intrinsically unstructured proteins with an overrepresentation
of charged and acidic amino acid residues (Tunnacliffe and
Wise 2007; Battaglia et al. 2008).

Various functions have been proposed for LEA proteins
based on their natively unfolded structure and the correlation
of gene expression to desiccation tolerance. Predicted physi-
ological roles for LEA proteins include stabilization of sugar
glasses (vitrified, noncrystalline structure in cells promoted by
sugars like trehalose) (Wolkers et al. 2001; Hoekstra 2005;
Shimizu et al. 2010), protein stabilization via protein—protein
interaction or “molecular shield” activity (Tompa and Kovacs
2010; Chakrabortee et al. 2012), membrane stabilization
(Tunnacliffe and Wise 2007; Tolleter et al. 2010), ion seques-
tration (Grelet et al. 2005), and formation of structural networks
(Wise and Tunnacliffe 2004). Such networks of LEA proteins
have been hypothesized to increase cellular resistance to phys-
ical stresses imposed by desiccation (Goyal et al. 2003).

Experimentally, LEA proteins prevent protein aggregation,
protect enzyme function, and maintain membrane integrity
during water stress (for reviews, see Tunnacliffe and Wise
2007; Hand et al. 2011; Hincha and Thalhammer 2012).
However, the exact mechanisms for these protective abilities
continue to be explored. Few studies attempt to rigorously
estimate the effective cellular concentrations of LEA proteins
(e.g., see excellent results for cotton seeds, Roberts et al.
1993). As a consequence, some functional roles projected
from in vitro experiments may not be applicable in vivo
because the concentrations used for in vitro characterization
of LEA proteins are often arbitrary and may be unrealistic. In
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the present study, the titer of cytoplasmic-localized LEA pro-
tein (AfrLEA2) was 0.794+0.21 to 1.85+0.15 mg/g cellular
water across development, and the combined mitochondrial-
targeted LEA proteins (AfrLEA3m, AfrLEA3m_ 29, and
AfrfLEA3m_43) was roughly 1.2-2.2 mg/ml matrix volume
for postdiapause embryos. Such estimates suggest that the
effective concentrations of cytoplasmic versus mitochondrial
group 3 LEA proteins are similar in vivo and provide guidance
for the design of in vitro functional studies with these proteins.

Materials and methods

Cloning, expression, and antibody production
for recombinant AfrfLEA2 and AfrLEA3m

The original nucleic acid sequences for Afilea? (GenBank
accession no. EU477187) and Afrlea3m (GenBank accession
no. FJ592175) cloned from A. franciscana embryos (Hand
etal. 2007; Menze et al. 2009) were amplified from our existing
A. franciscana cDNA library. Each gene was ligated into pET-
30a (an expression vector with a T7 lac promoter; Novagen,
Rockland, MA, USA) and then Rosetta™ 2(DE3) Singles™
Competent Cells (Novagen) were transformed with the genes
according to the manufacturer’s instructions. AfrfLEA2 was
expressed with an N-terminal 6X-His tag, and AffLEA3m
was expressed with a C-terminal 6X-His tag so as not to
interfere with the mitochondrial localization sequence found
at the N-terminus. Expression of recombinant LEA protein was
induced by the addition of 1 mM IPTG for 2-3 h and confirmed
by SDS-PAGE and protein staining with Coomassie Blue.
Bacterial cells were pelleted by centrifugation (5,000xg,
15 min) at 4 °C and chemically lysed using Bugbuster®
Protein Extraction Reagent (Novagen) in the presence of a
protease inhibitor cocktail, P8849 (Sigma-Aldrich, St Louis,
MO, USA). After removal of cellular debris by centrifugation,
the cell lysate was subjected to affinity chromatography on a
HisTrap™ FF crude column (GE Healthcare, Waukesha, WI,
USA; 1 or 5 ml size, depending on experimental requirements).
Affinity purification binding buffer contained 20 mM sodium
phosphate, 0.5 M NaCl, and 20 mM imidazol, pH 7.5. A step
elution was performed using an elution buffer containing
20 mM sodium phosphate, 0.5 M NaCl, and 0.5 M imidazol,
pH 7.5. Flow rate was set at the maximum rate recommended
by the manufacturer (1 ml/min for 1 ml column, or 5 ml/min for
5 ml column). Fractions containing recombinant protein were
heat treated at 95 °C for 20 min followed by centrifugation
(20,000xg, 30 min) to separate the soluble fraction. The solu-
ble fraction was dialyzed overnight against the starting buffer
for anion exchange (20 mM triethanolamine, 10 mM NaCl,
pH 7.0). The sample was then applied to an anion exchange
column (HiTrap™ Q FF; GE Healthcare). The elution buffer
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contained 20 mM ftriethanolamine and 1 M NaCl, pH 7.0. The
fractions containing pure recombinant protein, as assessed by
sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) and protein staining, were exchanged into LEA
storage buffer (20 mM HEPES, 50 mM NaCl, pH 7.5) and
concentrated using Amicon® Ultra Centrifugal filters
(Ultracel®-10K; Millipore, Billencia, MA, USA). Antibodies
were raised in chickens against recombinant AfrfLEA2 and
AfrfLEA3m by Aves Labs, Inc. (Tigard, OR, USA).

Preparation of cDNA and sequencing of additional
Afrlea3m-related genes

In extracts of mitochondria isolated from A. franciscana, four
protein bands were identified with the AfrfLEA3m antibody
produced above (see “Results”). Consequently, we suspected
that multiple mRNA species might be detected with cDNA
prepared from A. franciscana embryos. Total RNA was iso-
lated from diapause embryos using an RNeasy Midi kit
(Qiagen, Valencia, CA, USA), and then a DyNAmo cDNA
synthesis kit (New England Biolabs, Ipswich, MA, USA) was
used for reverse transcription according to manufacturer’s
instructions. Primers for Afilea3m amplified four products,
which were cloned with a pENTR™/D-TOPO® Cloning Kit
(Invitrogen, Carlsbad, CA, USA) as described in the manufac-
turer instructions. One Shot® TOP10 Chemically competent
Escherichia coli (Invitrogen) were transformed with these genes.
Direct colony PCR was performed to screen for transformed
colonies. Colonies were identified that contained each of the four
inserts, and a QIAprep 96 Turbo Miniprep Kit (Qiagen) was
used to purify plasmid DNA from each. Sequencing was
conducted with BigDye terminator chemistry and an ABI
PRISM 3100 Genetic Analyzer (Applied Biosystems, Foster
City, CA, USA).

Molecular mass determination by SDS-PAGE

The molecular mass of recombinant and endogenous LEA
proteins were determined by SDS-PAGE as described by
Hames (1998). Briefly, the log of molecular mass for
biotinylated protein standards (Cell Signaling Technology,
Danvers, MA, USA) was plotted against relative migration
distance (R ) for the proteins after separation by SDS-PAGE.
Ry was calculated as the migration distance of a protein
divided by the migration distance of the dye front. The R;
values for LEA proteins were used to interpolate their molec-
ular masses from the standard curves. The reported masses are
the result of six separate measurements on three independent
gels. Mitochondrial LEA samples were analyzed on 11 %
acrylamide gels, and AfrfLEA2 samples were analyzed on
7 % gels for optimal determination of size.

Mass spectrometry

In-gel trypsin digestion of proteins separated by SDS-PAGE
was performed as described by Shevchenko et al. (2006).
Briefly, bands of interest were excised from a Coomassie-
stained SDS gel and destained in 100 pl of 100 mM ammo-
nium bicarbonate/acetonitrile (1:1, vol/vol) for about 30 min.
After destaining, 500 pl of 100 % acetonitrile was added to
the destain mixture to dehydrate the gel pieces. The gel
pieces were then transferred to 50 ul of a trypsin cocktail
(13 ng protease/pul of a solution containing 10 mM ammonium
bicarbonate and 10 % (vol/vol) acetonitrile) and incubated
for 90 min to saturate the gel pieces with trypsin. Sequencing
grade trypsin (catalogue no. V5111) was obtained from
Promega (Fitchburg, WL, USA). Next 10-20 ul of 100 mM
ammonium bicarbonate was added to the trypsin cocktail, and
gel pieces were incubated overnight at 37 °C for complete
protein digestion. Peptide products were extracted by adding
100 upl of extraction solution [5 % formic acid/acetonitrile
(1:2, vol/vol)] to the trypsin cocktail and incubated on a shaker
for 15 min at 37 °C. The liquid fraction containing the peptide
digestion products was collected and dried in a vacuum cen-
trifuge. Samples were submitted to the mass spectrometry
Facility in the Department of Chemistry (Louisiana State
University) and analyzed by liquid chromatography—tandem
mass spectrometry (LC-MS-MS) on a QSTAR XL quadru-
pole time-of-flight mass spectrometer (Applied Biosystems).
The MS/MS data for each protein digest was submitted for a
database search using Mascot from Matrix Sciences (Boston,
MA, USA).

Preparation of protein extracts from diapause
and postdiapause embryos

Diapause embryos were collected from the surface of the
Great Salt Lake (Ogden, UT, USA) in fall 2011. Diapause
embryos were maintained at ambient temperature in 1.25 M
NaCl containing 200 U/ml nystatin, 50 mg/ml kanamycin, and
50 mg/ml penicillin-streptomycin; were protected from light.
Prior to use, diapause embryos were rinsed and incubated in
35 ppt artificial seawater (Instant Ocean; Aquarium Systems,
Mentor, OH, USA) at room temperature with shaking
(110 rpm) for 4 days (Reynolds and Hand 2004) to allow
hatching of any embryos that had broken diapause. Hatched
nauplius larvae were removed, and intact diapause embryos
were used for experiments. Postdiapause embryos of 4.
franciscana were obtained in the dry state from Great Salt
Lake Artemia (Ogden, UT, USA; grade: laboratory reference
standard) and stored at —20 °C. Prior to use, these dehydrated
embryos were hydrated overnight in ice-cold 0.25 M NaCL
Embryos for the 0 h time point were processed immediately
after hydration at 0 °C. Other embryos were transferred to
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fresh 0.25 M NaCl at 23 °C and incubated with shaking
(110 rpm) to promote pre-emergence development, and em-
bryos were sampled at or 2, 4, 6, and 8 h. Prior to homogeni-
zation embryos were filtered and then blotted between two
sheets of Whatman no. 41 filter paper to remove interstitial
water. Blotting was performed according to Clegg (1974). To
obtain nauplius larvae, hydrated embryos were incubated in
35 ppt artificial seawater for 24 h at 23 °C with shaking
(110 rpm). Nauplius larvae were separated from unhatched
embryos and shells, and then filtered and blotted.

For quantification of AfrLEA2 by Western blot (see below),
100 mg of embryos or 24 h nauplii were transferred directly
into 1.9 ml of Laemmli sample buffer [62.5 mM Tris—HCI
(pH 6.8), 2 % SDS, 10 % glycerol, and 5 % 2-mercaptoethanol
(Laemmli 1970)] and homogenized in a ground glass homog-
enizer for 5—-7 min. The homogenate was then heated at 95 °C
for 5 min and centrifuged (10,000xg, 10 min) to remove the
insoluble debris like shell and chitin fragments. In order to
quantify the mitochondrial LEA proteins, it was necessary to
first enrich these proteins in extracts because due to their
mitochondrial location these proteins comprise a smaller per-
centage of total cellular protein compared to the cytosolic
AfrLEA2. Accordingly, 200 mg of embryos (or 24 h nauplii)
were instead homogenized into the nondenaturing LEA storage
buffer described above. The homogenate was heated at 95 °C
for 20 min and centrifuged (20,000xg, 30 min, 4 °C) to
sediment the heat-insoluble fraction. The soluble supernatant,
which contains only heat-stable macromolecules like LEA
proteins, was retained and combined 3:1 with 4x Laemmli
sample buffer. Protein concentration was obtained for all sam-
ples using a Lowry assay as described by Peterson (1977).

Preparation of isolated mitochondria

To obtain enriched preparations of mitochondrial LEA proteins
and to confirm their mitochondrial localization, mitochondria
were isolated as previously described (Kwast and Hand 1993;
Reynolds and Hand 2004) from postdiapause embryos of A.
franciscana that had been hydrated as described earlier and
kept at 0 °C (i.e., hour 0 embryos). The final mitochondrial
pellet was resuspended in 2 ml of homogenization medium
and heat treated at 95 °C for 20 min. After centrifugation
(20,000%xg, 30 min, 4 °C), the heat-soluble fraction was diluted
1:2 with Laemmli sample buffer.

Western blot analysis

For A. franciscana samples 10 pg of total protein was loaded
per lane on SDS acrylamide gels (4 % stacking gel and 11 %
resolving gel) and electrophoresed for 80 min at 125 Vin a
Bio-Rad mini-Protean 3 cell. Proteins were then transferred to
a nitrocellulose membrane (Bio-Rad, Hercules, CA, USA) in
a transfer buffer containing 192 mM glycine, 20 % methanol,
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0.025 % SDS, and 25 mM Tris; acceptable transfer was
confirmed by staining the membranes with Ponceau S.
Membranes were then blocked in a 5 % fat free dry milk
solution for 1 h. Incubation with primary antibody raised
against recombinant LEA protein (Aves Labs Inc.) was
performed overnight at 4 °C, and then blots were washed for
a total of 1 h with four changes of TBS-T (0.1 % Tween 20,
20 mM Tris—HCl, 500 mM NaCl, pH 7.6). Next, the mem-
branes were incubated for 1 h at room temperature with the
horse radish peroxidase-linked secondary antibody (goat anti-
chicken; Aves Labs Inc.) and washed as above. Protein bands
were visualized with LumiGLO chemiluminescent substrate
(Cell Signaling Technology).

Quantity One Basic 4.6.9 software (Bio-Rad Laboratories)
was used to quantify band intensities. Global background
subtraction was applied to each image analyzed. These inten-
sities were converted to ng LEA protein per band by comparing
intensity values to a standard curve generated with known
amounts of pure recombinant LEA protein. Experimental sam-
ples for AfrfLEA2 were normalized to o-tubulin as a loading
control before any further calculations were performed. Then,
the values for nanograms protein/band were converted to mg
protein/ml embryo water based on water content data previous-
ly published (Glasheen and Hand 1989). Mitochondrial LEA
proteins were quantified similarly except they were not nor-
malized to a housekeeper protein due to the heat treatment step
required prior to Western blotting. Values for mitochondrial
LEA proteins were reported as micrograms/gram wet tissue.
Finally, to facilitate comparison to the effective in vivo con-
centration of AfrLEA2, mitochondrial LEA proteins were also
expressed as mg protein/millimeter matrix volume. This calcu-
lation is based upon an estimated mitochondrial volume of 5 %
of the total cell volume for postdiapause embryos of A.
franciscana (Rees et al. 1989), and an estimate that matrix
volume is about 50 % of total mitochondrial volume in the
semicondensed/condensed states (Scalettar et al. 1991;
Hackenbrock 1968).

Detection of glycoproteins in polyacrylamide gels

In-gel detection of glycoproteins was performed using the
Periodic acid—Schiff (PAS) method. Schiff’s fuchsin-sulfite
reagent was obtained from Sigma-Aldrich, and detection
was performed as described by the supplier. Briefly, gels were
incubated in fixative solution (40 % ethanol and 7 % acetic
acid) for 1.5 h with four changes of solution and then left in
the fixative overnight. Afterwards, the fixative solution was
again refreshed twice, each followed by a 30-min incubation.
Oxidation of glycoprotein bands was accomplished by im-
mersing gels in a solution containing 1 % periodic acid and
3 % acetic acid for 60 min. Gels were then washed ten times
(10 min each) to remove traces of periodic acid before incu-
bation in Schiff’s reagent for 60 min in the dark. Stained gels
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were washed in a solution with 0.58 % potassium disulfite and
3 % acetic acid to remove any background.

Results
Properties of AfflLEA2 in A. franciscana embryos

As previously reported, AfrfLEA2 is a group 3 LEA protein
(38.9 kDa) that is predicted to reside in the cytoplasmic com-
partment (Hand et al. 2007). This predicted location was con-
firmed in HepG2 cells transfected with the green fluorescent
protein-tagged protein (Li et al. 2012). Recombinant AfrLEA2
has a total molecular mass of 43.1 kDa (38.9 kDa plus 4.2 kDa
for a 6x-His tag and associated sequence) but migrates on SDS
gels at a calculated mass of 49.3+0.9 (mean+SD; n=3)
(Fig. 1a). This higher apparent molecular mass with SDS-
PAGE may be explained by the observation that some intrinsi-
cally disordered proteins have a reduced binding for SDS
and therefore frequently exhibit decreased migration on SDS
gels (Tompa 2002). Based on the migration of recombinant
AfrLEA2, we expect endogenous AfrfLEA2 to migrate at about
44 kDa. Surprisingly, when A. franciscana extracts are
electrophoresed on an 11 % polyacrylamide gel and probed with
anti-AfrLEA2 polyclonal antibody, a protein band is detected

a

Rec LEA2

kDa

140
100

80

"ll

50

40 .

P —
Fig. 1 Western blot analyses of purified recombinant proteins and vari-
ous extracts from Artemia franciscana. a Lane 1 was loaded with
molecular mass standards, /ane 2 with 1 pg of recombinant AffLEA2
protein, and lane 3 with 10 ug protein of an extract prepared from
diapause embryos. With the diapause extract, AfrLEA2 antibody reveals

three bands on a 7 % polyacrylamide gel with apparent molecular masses
of 82.0+£0.4, 75.3£1.0, and 72.7+0.5 kDa. Arrows indicate dimers and

around 75 kDa (data not shown). Upon closer examination with
a 7 % polyacrylamide gel to provide better resolution of larger
proteins, three bands are discernible, with calculated apparent
molecular masses of 82.0+0.4, 75.3+1.0, and 72.7+0.5 kDa
(means+SD; n=3) (Fig 1a). For most developmental stages
of A. franciscana where AfrLEA2 is expressed, the 82 kDa
form is predominant. Based on the molecular mass and further
evidence below, we suggest that the 82 kDa protein is a dimer
of the 38.9 kDa AfrfLEA2, and the smaller bands may be
degradation products or even processed forms of AffLEA2
(cf. Goyal et al. 2005a; Kikawada et al. 2006).

Oligomers of LEA proteins resistant to SDS dissociation
have been previously documented by PAGE (Goyal et al.
2003), and we detected apparent dimers and trimers of purified
recombinant AfrfLEA2 by SDS-PAGE with anti-AfrLEA2 an-
tibodies (Fig la; 97.6 and 137.5 kDa), which supports the
ability of the protein to form oligomers. Apparent multimers
of recombinant AfrfLEA2 are also visualized using an anti-6X-
His antibody (data not shown), which suggests the multimers
are not nonspecific products that cross-react with AfrLEA2
antibody. While only small numbers of cytoplasmic proteins
are typically glycosylated, in-gel staining with PAS reagent did
not indicate AfrLEA?2 to be glycosylated, based on the absence
of PAS-positive bands of appropriate size in embryo extracts
enriched for LEA proteins by heat purification. In-gel trypsin

b E
<
Ll
-
(8]
Q
14
kDa
80 :
60 M . A
50 -
- - B
40— P —C
30- S D
| —

trimers formed by recombinant AffLEA2. b Lane I was loaded with
molecular mass standards, lane 2 with 50 ng of recombinant AfrfLEA3m
protein, and /ane 3 with extract prepared from mitochondria isolated from
postdiapause embryos (hour 0). AffLEA3m antibody detects four bands
(labeled a—d) with apparent molecular masses of 62.3+0.4, 48.6 +1.4,
43.5+0.1, and 32.4+1.1 kDa in extracts prepared from isolated
mitochondria
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digests were performed on gel slices from the regions where the
dimer and monomer migrate, and the peptides were analyzed
by mass spectrometry (LC-MS-MS). One or more peptide
fragments from both areas were found to share sequence
identity to bona fide AfrLEA2 based on robust scores
(Table 1). Finally, with Afi-lea? -specific primers, PCR ampli-
fication was performed on cDNA prepared from diapause
embryos. Only a single 1.1 kb product was generated, which
is the expected size of mRNA encoding for AffLEA2 (364
amino acids; Fig. 2). The combined evidence indicates that the
predominant 82 kDa protein visualized on Western blots with
AfrLEA2 antibody is a dimer of the 38.9 kDa AfrLEA2.

Multiple independently encoded variants of AfrfLEA3m

AfrfLEA3m is a mitochondrial LEA protein with a deduced
molecular mass of 34.1 kDa or 30.9 kDa if the targeting
sequence were to be cleaved (Menze et al. 2009). However,
because the cleavage site is only predicted by bioinformatics
and has not been confirmed experimentally, we will use the full-
length deduced molecular mass when referring to AfrfLEA3m.
The mitochondrial location of AfrLEA3m was previously
confirmed in HepG2 cells stably transfected with Afilea3m
(Lietal. 2012). Western blot analysis of mitochondria isolated
from 0 h postdiapause embryos reveals four distinct bands
when probed with antiserum against AfrLEA3m (Fig. 1b).
In-gel trypsin digests of all four bands were analyzed by
mass spectrometry (LC-MS-MS) and found to share sequence
identity to AfrLEA3m in three or more regions with a lowest
combined score of 177 (Table 2).

With Afirlea3m primers and cDNA template prepared from
diapause embryos, PCR amplification generated four products
(Fig. 2). In order to gain more insight into the nature of these
mRNAs, each of the four bands amplified from cDNA was
cloned and sequenced. The protein encoded by the 924 bp
cDNA is identical to AfrLEA3m that was previously reported
(Menze et al. 2009). Like AfrfLEA3m, all three newly identified
proteins (AfrTLEA3m 47, AfLEA3m 43, and AffLEA3m_ 29;
suffixes indicate masses deduced from cDNA sequence) possess
mitochondrial targeting sequences and thus are predicted to

Fig. 2 PCR products amplified with cDNA prepared from diapause
embryos of A. franciscana. Lane 1 was loaded with a DNA ladder (kb)
and lanes 2 and 3 with products from PCR reactions as indicated. Primers
designed against Afrlea? yielded a single product of approximately 1.1 kb
(Afrlea2 lane). Primers designed against Afilea3m amplified four prod-
ucts that migrate at 1.2, 1.0, 0.9, and 0.7 kb (4frlea3m lane)

localize to the mitochondrion with high probability (Target P,
MitoProt II, and Predator). This prediction is supported by the
fact that Western blots performed with isolated mitochondria
clearly reveal all four isoforms of AffLEA3m (Fig. 1b). The
deduced protein sequences for the three new isoforms are highly

Table 1 Mass spectrometry confirms that the two molecular mass forms of AffLEA2 share sequence similarity with the bona fide purified protein

AfrLEA2 monomer AfrLEA2 dimer

Score Peptide Score Peptide

47 K.SISDAAYFTGK.G 83 K.GIGETVKADADVVEGMASTGYEK.L
56 K.INAIQTPEEMDHER.L

101 K.GIGETVKADADVVEGMASTGYEK.L

Mascot ions scores are —10*log(P), where P is the probability that the observed match is a random event. Individual ions scores, or combined scores
where multiple peptides are identified from a single protein, >60 indicate identity or extensive homology (p <0.05)
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Table 2 Mass spectrometry con-
firms that the four protein AfLEA3m 29 AfLEA3m 43
isoforms recognized by antibody ] ]
raised against recombinant Score Peptide Score Peptide
AfrLEA3m share sequence simi-
larity to bona fide AFfLEA3m 55 K.ESWESLKDTAK.Q 53 K. AKGEYDPEYPLSSSMK.A
36 K.LSWEDTKETYK.E 53 K.ESVSSTSSEAQNRGESMYGK.T
41 K. AKGEYDPEYPLSSSMK.A 71 K.SAYESIKESVSSTSSEAQNR.G
41 K.ESVSSTSSEAQNRGESMYGK.T
73 K.SAYESIKESVSSTSSEAQNR.G
AfrLEA3m AffLEA3m 47
Score Peptide Score Peptide
M . 60 K.ESWESLKDTAK.Q 54 K. AKGEYDPEYPLSSSMK.A
ascot ions scores are
—10*log(P), where P is the prob- 31 K.LSWEDTKETYK.E 81 K.GGSGFNQITPEQTENMK.G
ability that the observed matchisa 76 K.GEYDPEYPLSSSMK.A 57 K.ESVSSTSSEAQNRGESMYGK.T
random event. Individual ions 39 K.AKGEYDPEYPLSSSMK.A 69 K SAYESIKESVSSTSSEAQNR.G
scores, or combined scores where
71 K.GGSGFNQITPEQTENMK.G

multiple peptides are identified

K.ESVSSTSSEAQNRGESMYGK.T
K.SAYESIKESVSSTSSEAQNR.G

from a single protein, >60 indicate 56
identity or extensive homology 74
(p<0.05)

hydrophilic as determined by Kite and Doolittle hydropathy
plots (data not shown). The sequences for all four cDNAs are
very similar, but each has a stretch of sequence that is absent in
at least one of the others (Fig. 3). In addition, Afilea3m_43 has
five single nucleotide changes scattered across its sequence that
do not match the other three cDNAs (data not shown), and
Afrlea3m_47 and Afrlea3m 43 have three single nucleotide
differences in the section of sequence shared by these two
variants (Fig. 3, yellow bar). Thus, we conclude that these
mRNA species are independently encoded, but closely related
variants, of Afilea3m.

As anticipated based on the earlier discussion, the four
mitochondrial isoforms of AffLEA3m migrate on SDS gels
with larger apparent molecular masses than predicted. The
apparent molecular masses for AffLEA3m 47, ARfLEA3m 43,
AfrfLEA3m, and AffLEA3m 29 are 62.3+0.4, 48.6+=1.4,43.5+
0.1, and 32.4+1.1 kDa (mean+SD; n=3), respectively. Mass
spectrometry data supports the identity of the protein that mi-
grates in embryo extracts at 43.5 kDa (Fig. 1b, ¢) as ARRLEA3m.
Recombinant AffLEA3m (34.9 kDa with 6X-His tag) migrates
with an apparent molecular mass of 35.84+0.3 kDa (mean+SD;

Afrlea3m_47 O

Afrlea3m_43 B

n=3); because AfrLEA3m, when naturally expressed in embry-
os, migrates at 43.5 kDa, we cannot exclude the possibility of
posttranslational modification (Irar et al. 2006; Alsheikh et al.
2003). Mass spectrometry rules out the possibility that band C
corresponds to AfrfLEA3m 29 or AfLEA3m 43. Although
mass spectrometry does not eliminate AffLEA3m 47, it is highly
unlikely that band C corresponds to this protein due to the large
difference in size.

Protein expression of AffLEA2 during development

By comparing band intensities to a standard curve created using
recombinant AfrfLEA2 (Fig. 4), we were able to estimate the
quantity of AfrLEA2 (subforms combined) present in each
sample. These values were then converted to mg LEA protein
per ml embryo water. Because AfrLEA2 is a cytoplasmic-
localized protein, this concentration unit provides a meaningful
estimate of its effective titer in vivo. AfrLEA2 is most abundant
in diapause and decreases throughout development to
undetectable levels in 24 h nauplius larvae (Figs. 4a and 5).
This pattern is in agreement with the mRNA expression profile

Afrlea3m O

Afrlea3m_29 ;

o 777 nt

Fig. 3 Sequence comparisons for the four cDNA sequences am-
plified with primers designed against Afilea3m. The green boxed re-
gions (nucleotide 1-84) indicate the mitochondrial leader sequence that is
shared by all four cDNAs. Each of the other four boxed regions (vellow,
red, light blue, and dark blue) indicate stretches of virtually identical
sequence that are present in some of the cDNAs but absent in at least one.
AffLEA3m_47: yellow box nucleotide 466801, red box nt 989-1036,

dark blue box nt 1037-1084, and light blue box nt 1085-1183.
AfrfLEA3m 43: yellow box nt 466-801 and light blue box nt 989—
1087. AfrfLEA3m: red box nt 653—700, dark blue box nt 701-748, and
light blue box nt 749-847. AffLEA3m_29: red box nt 653—700. None of
the mRNA variants contain sequence that was not shared by at least one
other isoform. Solid black lines indicate virtually identical sequence
shared by all four cDNAs

@ Springer



L.C. Boswell et al.

336
a 9 c
=
© 3500
a <
S £ £ £ £ £ 4
o O N ¥ © o 3000
- e e
.. : 22000
a-tubulin g
———— - —— | =
b2 © © © 1000
f = c [ = c [ =
o o o (=] o 500
-~ N ™ < n
T - - -— :

Fig. 4 Quantification of AffLEA?2 protein in extracts of A. franciscana
by Western blot analysis. a Expression levels for AffLEA2 are shown at
various stages of the life cycle [diapause; pre-emergence development
(hours 0, 2, 4, 6, and 8); and nauplius larvae (24 h)]. AfrLEA2 is most
abundant in diapause and decreases throughout development to

reported for Afilea? (Hand et al. 2007) and further supports
the role for LEA proteins in desiccation tolerance in A.
franciscana, a physiological feature that disappears beginning
at the larval stage. Based on these results there are 1.85+
0.15 mg (mean+SD; n=3) of AffLEA2 per milliliter embryo
water in diapause embryos (Fig. 5) or 5.05 ug of ARLEA2 per
milligram total embryo protein.

Quantification of protein expression for AfrfLEA3m,
AffLEA3m_ 43, and AfrLEA3m_29 during development

As described above, a standard curve (Fig. 6) was used to
determine the concentrations of AffLEA3m, AffLEA3m 43,

-
©

-
(]

-
H

-
N

-

e
®

e
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AfrLEA2 (mg/ml embryo water)
(=]
IS

e
[}

Diapause 0 2 4 6 8
Pre-emergence development (h)

Fig. 5 AfrLEA2 concentrations from diapause through 8 h of pre-emer-
gence development. All values were normalized to «-tubulin. Asterisks
indicate that the means are statistically different from diapause values
(one-way-ANOVA, Tukey, P <0.05). Conversion of AfrfLEA2 concen-
trations to “per milliliter embryo water” is based on water content data
previously published (Glasheen and Hand 1989)

@ Springer

*

10 20 30 40 50 60
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undetectable levels in nauplius larvae. «-Tubulin is included as a loading
control for each time point. b Concentration dependency of recombinant
AfrLEA2 as measured with anti-AfrLEA2 antibody. ¢ Standard curve for
recombinant AffLEA2 (R*=.986)

and AfrLEA3m_ 29 present in each sample. The low amount
of expressed AfrfLEA3m_47 made it problematic to quantify.
Because these three proteins are localized to the mitochondrial
compartment, the concentrations of each mitochondrial LEA
were initially expressed as micrograms protein per gram
wet tissue (Fig. 7). There were significant decreases in con-
tent for each of the three proteins from diapause through pre-
emergence development (0-8 h), and then even further de-
creases occurred in 24 h nauplius larvae (Fig. 7). These trends
in protein expression mirror the mRNA expression data re-
ported for Afrlea3m (Menze et al. 2009).

Finally, to estimate an effective in vivo concentration, the
amount of combined mitochondrial-targeted LEA proteins
(AfrLEA3m, AfrLEA3m_29, and, AffLEA3m_43) was also
expressed as milligrams protein/milliliter mitochondrial
matrix volume. For postdiapause embryos, this value is approx-
imately 1.2 mg protein/milliliter matrix volume. Considering
that the mitochondrial density in cells is comparable between
diapause and postdiapause embryos (Reynolds and Hand
2004), the value would be approximately 2.2 mg/ml during
diapause. Interestingly, such estimates suggest that the effective
concentrations of cytoplasmic versus mitochondrial group 3
LEA proteins are comparable in vivo and provide guidance
for the design of in vitro functional studies with these proteins.

Discussion

In the present study, we have identified three new mitochon-
drial LEA proteins in 4. franciscana and characterized the
protein expression levels for four group 3 LEA proteins
throughout A. franciscana development. The four mitochon-
drial LEA proteins studied here share similar sequence iden-
tity, but contain multiple single base pair differences, so we
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Fig. 6 Quantification of mitochondrial LEA proteins by Western blot
analysis in heat-treated extracts of 4. franciscana. a Expression levels for
mitochondrial LEA proteins are shown at various stages of the life cycle
[diapause, pre-emergence development (hours 0, 2, 4, 6, and 8), and
nauplius larvae (24 h)]. AfrfLEA3m isoforms are most abundant in
diapause and decrease throughout development to the lowest levels

predict that these mRNA are encoded by separate genes.
We have previously reported mRNA expression for AffLEA2
(Hand et al. 2007) and AffLEA3m (Menze et al. 2009) to be
highest in desiccation tolerant stages (diapause and postdiapause
embryos) when compared to desiccation-sensitive nauplius lar-
vae. The protein expression patterns reported in this study are in
agreement with the mRNA expression and provide further evi-
dence that LEA proteins play a role in desiccation tolerance.
Finally, we have also experimentally measured physiologically
relevant quantities of a cytoplasmic (AffLEA2) and three mito-
chondrial (AffLEA3m 43, AffLEA3m, and AffLEA3m 29)

30 -
~-AfrLEA3m_43
25 4
= =AfrLEA3m
=
& 20 AfrLEA3m_29
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:
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T | | ! I :
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Diapause 0 2 4 6 8  Larvae

Pre-emergence development (h)

Fig. 7 Protein concentrations of AfrLEA3m 43, AfrfLEA3m, and
AffLEA3m_29 for diapause, 0-8 h of pre-emergence development, and
24 h nauplius larvae. For each LEA protein, the asterisks indicate that the
means for pre-emergence and larval stages are statistically different from
their respective diapause value (one-way-ANOVA, Tukey, P<0.05).
AffLEA3m_ 47 was too faint to reliably quantify across development
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observed, which are found in nauplius larvae. Equal amounts of total
protein in extracts were loaded for each time point. b Concentration
dependency of recombinant AfrLEA3m as measured with anti-
AfgLEA3m antibody. ¢ Standard curve for recombinant AffLEA3m
(R7=.99)

LEA proteins across development in A. franciscana. Values of
this type are useful to more accurately evaluate whether
concentration-dependent properties identified for LEA proteins
in vitro are relevant for in vivo settings.

Our results provide evidence that endogenous AfrLEA2
exists primarily as a dimer in A. franciscana embryos. The
presence of SDS-resistant oligomers have been previously
reported for LEA proteins and other hydrophilic proteins
(Goyal et al. 2003; Bahrndorff et al. 2009; Maskin et al.
2007), but this is the first report to our knowledge of a LEA
protein existing primarily as a dimer in vivo. In addition to
molecular mass, key evidence for the 82-kDa dimer includes
the amplification with Afilea2-specific primers of only a
single PCR product and that this product is of the correct size
for a mRNA encoding the 38.9 kDa monomer. Further, a few
bases upstream of the Afrlea2 gene is sequence for a transla-
tional stop codon. Mass spectrometry of the dimer supports
sequence similarity to the monomer. At high concentrations,
our purified recombinant AfrfLEA2 will form dimers and
trimers in vitro that are resistant to SDS dissociation. The
smaller bands (75.3 and 72.7 kDa) recognized by the anti-
AfrLEA2 antibody could be processed forms of the AfrfLEA2
dimer, as reported by Goyal et al. (2005a) for a group 3 LEA
protein (AavLEAT1) from the nematode Aphelenchus avenae.
These authors provide evidence for nonrandom cleavage that
could increase the specific activity of the LEA protein, whereby
two shorter proteins are more effective molecular shields than
one larger one. Alternatively, intrinsically disordered proteins,
such as LEA proteins, are susceptible to random degradation
due to their unstructured nature (Receveur-Brechot et al. 2006;
Uversky and Dunker 2010).

Unlike the results for Afilea?, four distinct bands were
amplified from cDNA of diapause embryos with primers
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designed for Afrlea3m, which indicates that the four proteins
identified by our anti-AfrLEA3m antibody are encoded by
individual mRNA species. While general architectural fea-
tures of the coding sequences display similarities that include
sequence identity at their N-termini (Fig. 3), the multiple
single-nucleotide differences distributed across the sequences
preclude splice variants as an explanation. Although not ab-
solutely proven experimentally, we suggest that these four
mRNAs are products of separate, independent genes. A sim-
ilar case is seen in rotifers, where two LEA mRNAs are very
similar but arise from two individual genes on different chro-
mosomes (Pouchkina-Stantcheva et al. 2007). In addition,
very similar variants of group 1 LEA proteins have been
documented in A. franciscana and attributed to independent
genes (Sharon et al. 2009; Warner et al. 2010; Warner et al.
2012; Marunde et al. 2013).

All four of the mitochondrial AffLEA3m proteins migrate
with an apparent molecular mass 1.12—1.34 times higher than
their deduced molecular masses. This result is well within the
range of SDS migration discrepancy reported for intrinsically
disordered proteins by Tompa (2002). Interestingly, mass spec-
trometry data indicate the protein that migrates with an apparent
molecular mass of 43.5 kDa is indeed AffLEA3m, for which
the purified recombinant form migrates at 35.8 kDa (deduced
mass of 34.9 kDa with 6X-His tag). This disparity in migration
introduces the possibility that at least one LEA protein may be
posttranslationally modified as natively expressed in A.
franciscana. We do not have recombinant versions of the other
three mitochondrial LEAs in this study with which to directly
compare against their natively expressed counterparts. It is
appropriate to note that AfrLEA3m expressed in human
HepG2 cells migrates similarly to the recombinant form of
AfrLEA3m (Li et al. 2012). Consequently, if AftfLEA3m is in
fact posttranslationally modified by A. franciscana, then this
capacity appears to be absent in human cells.

As research into the function of LEA proteins continues, it
is important to consider their endogenous cellular titer, and
how LEA protein concentration relates to proposed in vivo
functions. Considering that an individual LEA protein family
can represent up to 3.86 % of total cytosolic protein in plant
seeds (Roberts et al. 1993) and that most organisms express a
multitude of LEAs, it is becoming apparent that LEA proteins
can embody a large proportion of total cellular protein. We
have shown that AfrfLEA2, one of the multiple cytosolic LEA
proteins expressed in A. franciscana, has a cellular concen-
tration of 1.85 mg protein/ml cell water, and three of the
known mitochondrial LEAs from A. franciscana have a com-
bined concentration of 2.2 mg protein/ml mitochondrial ma-
trix volume. These values can be used to re-evaluate previous
predictions for LEA protein function. For example, Tolleter
et al. (2007) predict that LEAM, a mitochondrial protein
expressed in pea seeds, provides protection to the inner mito-
chondrial membrane during desiccation. According to their
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calculations, LEAM would need to represent about 0.6 % of
total matrix protein in order to provide protection to about one
third of the inner membrane surface (an estimate of the
protein-free area). With total matrix protein in the range of
400 mg/ml, this predicted amount of 2.4 mg/ml LEAM is not
unreasonable based on our estimation that three mitochondrial
LEA proteins from A. franciscana embryos are present at a
combined concentration of 2.2 mg/ml.

Another important consideration is the design and interpre-
tation of in vitro studies used to attribute functional character-
istics to various LEA proteins. Knowledge of the endogenous
titers of LEA proteins is fundamental because it can be used as
a starting point for estimating mass ratios of LEA protein to
target molecule in vivo. The ability of LEA proteins to stabi-
lize sugar glasses (Wolkers et al. 2001), model membranes
(Tolleter et al. 2010), and proteins (Goyal et al. 2005b) have
been investigated in vitro at mass ratios of LEA protein to
target as high as 2:1, 1:3, and 40:1, respectively. Although
there may be situations where the use of endogenous levels
of either LEA proteins or target molecules are not practical
(due to cost or availability), it is important to take the cellular
titers of LEA proteins into consideration when interpreting
results, especially when translating functional characteristics of
LEA proteins from in vitro to in vivo conditions. Furthermore,
an open question exists as to why the presence of LEA proteins
without protective sugars is sufficient for desiccation tolerance
in some anhydrobiotic species, while in other tolerant animals,
high concentrations of glass-forming sugars (e.g., trehalose) are
preferentially accumulated during drying together with LEA
proteins (cf. Hand et al. 2011). Perhaps, the absolute cellular
titer of LEA proteins expressible in a given cell type/organism
governs the apparent need for trehalose.

Several reports now indicate that a multitude of LEA
proteins can be expressed in a given anhydrobiotic organism,
which brings into question why it is necessary for one organ-
ism to express so many different LEA variants. Differential
subcellular targeting may be one reason for the presence of so
many LEA proteins in a single organism. Animal LEA pro-
teins have been found commonly in the cytoplasm (for review
see Hand et al. 2011) as well as multiple subcellular locations
including the mitochondrion (Grelet et al. 2005; Menze et al.
2009; Warner et al. 2010; Warner et al. 2012), nucleus (Warner
et al. 2012), endoplasmic reticulum, golgi, and extracellular
space (Tripathi et al. 2012). In addition to differential subcel-
lular targeting, LEA proteins have been shown to stabilize
different classes of macromolecules during water stress
(for, e.g., see Pouchkina-Stantcheva et al. 2007). Considered
together, it is possible that differential subcellular targeting
and the ability of individual LEA proteins to stabilize different
types of macromolecules may explain the necessity for mul-
tiple LEAs within a single organism.

In conclusion, our results for differential ontogenetic ex-
pression of LEA proteins support their involvement in
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desiccation tolerance in A. franciscana, and we provide phys-
iological protein concentrations for LEA proteins in two dif-
ferent cellular compartments, the cytoplasm and the mito-
chondrion. Appreciating the cellular titers of LEA proteins
in different organisms is important to further our understand-
ing of how these proteins function, and can be used as a guide
to design future in vitro experiments. Finally, we have identi-
fied three new mitochondrial LEA proteins that add to the
already substantial list of LEA proteins expressed by A.
franciscana (Hand et al. 2007; Menze et al. 2009; Sharon
et al. 2009; Warner et al. 2010, 2012; Wu et al. 2011; Chen
et al. 2009), which arguably should be considered an animal
extremophile (Clegg 2011).

Acknowledgments Assistance with DNA sequencing was provided by
Dr. Scott W. Herke, manager of the Genomics Facility, Biological Sci-
ences, LSU. Helpful discussions of this project with Dr. Michael Menze
(Eastern Illinois University) are gratefully acknowledged. The Mass
Spectrometry Facility in the Department of Chemistry at LSU is also
acknowledged for sample analysis. This work was supported by National
Science Foundation grant 10S-0920254.

References

Alpert P (2006) Constraints of tolerance: why are desiccation-tolerant
organisms so small or rare? J Exp Biol 209(9):1575-1584. doi:
10.1242/jeb.02179

Alsheikh MK, Heyen BJ, Randall SK (2003) Ion binding properties of the
dehydrin ERD14 are dependent upon phosphorylation. J Biol Chem
278(42):40882—40889. doi:10.1074/jbc.M307151200

Atkin OK, Macherel D (2009) The crucial role of plant mitochondria in
orchestrating drought tolerance. Ann Bot 103(4):581-597. doi:10.
1093/a0b/mcen094

Bahrndorff S, Tunnacliffe A, Wise MJ, McGee B, Holmstrup M,
Loeschcke V (2009) Bioinformatics and protein expression analyses
implicate LEA proteins in the drought response of Collembola. J
Insect Physiol 55(3):210-217. doi:10.1016/j.jinsphys.2008.11.010

Battaglia M, Olvera-Carrillo Y, Garciarrubio A, Campos F, Covarrubias
AA (2008) The enigmatic LEA proteins and other hydrophilins.
Plant Physiol 148(1):6-24. doi:10.1104/pp. 108.120725

Chakrabortee S, Tripathi R, Watson M, Schierle GSK, Kurniawan DP,
Kaminski CF, Wise MJ, Tunnacliffe A (2012) Intrinsically disor-
dered proteins as molecular shields. Mol Biosyst 8(1):210-219. doi:
10.1039/c1mb05263b

Chen WH, Ge XM, Wang WW, Yu J, Hu SN (2009) A gene catalogue for
post-diapause development of an anhydrobiotic arthropod Artemia

franciscana. BMC Genom 10:52. doi:10.1186/1471-2164-10-52

Clegg JS (1974) Interrelationships between water and metabolism in
Artemia salinia cysts: hydration-dehydration from the liquid and
vapour phases. J Exp Biol 61(2):291-308

Clegg JS (2005) Desiccation tolerance in encysted embryos of the animal
extremophile, Artemia. Integr Comp Biol 45(5):715-724. doi:10.
1093/icb/45.5.715

Clegg JS (2011) Stress-related proteins compared in diapause and in
activated, anoxic encysted embryos of the animal extremophile,
Artemia franciscana. J Insect Physiol 57(5):660—664. doi:10.1016/
jjinsphys.2010.11.023

Clegg JS, Zettlemoyer AC, Hsing HH (1978) Residual water-content of dried
but viable cells. Experientia 34(6):734—735. doi:10.1007/bf01947290

Clegg JS, Jackson SA, Warner AH (1994) Extensive intracellular trans-
locations of a major protein accompany anoxia in embryos of
Artemia franciscana. Exp Cell Res 212(1):77-83. doi:10.1006/
excr.1994.1120

Cornette R, Kikawada T (2011) The induction of anhydrobiosis in the
sleeping chironomid: current status of our knowledge. IUBMB Life
63(6):419-429. doi:10.1002/iub.463

Crowe J, Clegg J (eds) (1973) Anhydrobiosis. Dowden, Hutchinson &
Ross, Stroudsburg

Crowe J, Clegg J (1978) Dry biological systems. Academic, New York

Crowe JH, Madin KA (1974) Anhydrobiosis in tardigrades and nema-
todes. Trans Am Microsc Soc 93(4):513-524. doi:10.2307/3225155

Glasheen JS, Hand SC (1989) Metabolic heat dissipation and internal
solute levels of artemia-embryos during changes in cell-associated
water. ] Exp Biol 145:263-282

Goyal K, Tisi L, Basran A, Browne J, Burnell A, Zurdo J, Tunnacliffe A
(2003) Transition from natively unfolded to folded state induced by
desiccation in an anhydrobiotic nematode protein. J Biol Chem
278(15):12977-12984. doi:10.1074/jbc.M212007200

Goyal K, Pinelli C, Maslen SL, Rastogi RK, Stephens E, Tunnacliffe A
(2005a) Dehydration-regulated processing of late embryogenesis
abundant protein in a desiccation-tolerant nematode. FEBS Lett
579(19):4093-4098. doi:10.1016/j.febslet.2005.06.036

Goyal K, Walton LJ, Tunnacliffe A (2005b) LEA proteins prevent
protein aggregation due to water stress. Biochem J 388:151-157.
doi:10.1042/bj20041931

Grelet J, Benamar A, Teyssier E, Avelange-Macherel MH, Grunwald D,
Macherel D (2005) Identification in pea seed mitochondria of a late-
embryogenesis abundant protein able to protect enzymes from dry-
ing. Plant Physiol 137(1):157-167. doi:10.1104/pp. 104.052480

Hackenbrock C (1968) Chemical and physical fixation of isolated mito-
chondria in Low-energy and high-energy states. Proc Natl Acad Sci
U S A 61(2):598-605. doi:10.1073/pnas.61.2.598

Hames B (ed) (1998) Gel electrophoresis of proteins: a practical ap-
proach, 3rd edn. Oxford University Press, Oxford

Hand SC, Hagedorn M (2008) New approaches for cell and animal
preservation: lessons from aquatic organisms. In: Walsh PJ, Smith
SL, Fleming LE, Solo-Gabriele HM, Gerwick WH (eds) Oceans and
human health: risks and remedies from the seas. Academic,
Amsterdam, pp 613631

Hand SC, Jones D, Menze MA, Witt TL (2007) Life without water:
expression of plant LEA genes by an anhydrobiotic arthropod. J
Exp Zool Part A 307A(1):62—66. doi:10.1002/jez.a.343

Hand SC, Menze MA, Toner M, Boswell L, Moore D (2011) LEA
proteins during water stress: not just for plants anymore. In: Julius
D, Clapham DE (eds) Annual Review of Physiology 73:115-134.
doi:10.1146/annurev-physiol-012110-142203

Hengherr S, Schill RO, Clegg JS (2011a) Mechanisms associated with
cellular desiccation tolerance in the animal extremophile artemia.
Physiol Biochem Zool 84(3):249-257. doi:10.1086/659314

Hengherr S, Schill RO, Clegg JS (2011b) Mechanisms associated with
cellular desiccation tolerance of Artemia encysted embryos from
locations around the world. Comp Biochem Physiol A-Mol Integr
Physiol 160(2):137-142. doi:10.1016/j.cbpa.2011.05.032

Hincha DK, Thalhammer A (2012) LEA proteins: IDPs with versatile
functions in cellular dehydration tolerance. Biochem Soc Trans 40:
1000-1003. doi:10.1042/bst20120109

Hoekstra FA (2005) Differential longevities in desiccated anhydrobiotic plant
systems. Integr Comp Biol 45(5):725-733. doi:10.1093/icb/45.5.725

Irar S, Oliveira E, Pages M, Goday A (2006) Towards the identification of
late-embryogenic-abundant phosphoproteome in Arabidopsis by 2-
DE and MS. Proteomics 6(Suppl 1):S175-S185. doi:10.1002/pmic.
200500387

Keilin D (1959) The leeuwenhoek lecture: the problem of anabiosis or
latent life: history and current concept. Proc R Soc B-Biol Sci
150(939):149-191. doi:10.1098/rspb.1959.0013

@ Springer


http://dx.doi.org/10.1242/jeb.02179
http://dx.doi.org/10.1074/jbc.M307151200
http://dx.doi.org/10.1093/aob/mcn094
http://dx.doi.org/10.1093/aob/mcn094
http://dx.doi.org/10.1016/j.jinsphys.2008.11.010
http://dx.doi.org/10.1104/pp.%20108.120725
http://dx.doi.org/10.1039/c1mb05263b
http://dx.doi.org/10.1186/1471-2164-10-52
http://dx.doi.org/10.1093/icb/45.5.715
http://dx.doi.org/10.1093/icb/45.5.715
http://dx.doi.org/10.1016/j.jinsphys.2010.11.023
http://dx.doi.org/10.1016/j.jinsphys.2010.11.023
http://dx.doi.org/10.1007/bf01947290
http://dx.doi.org/10.1006/excr.1994.1120
http://dx.doi.org/10.1006/excr.1994.1120
http://dx.doi.org/10.1002/iub.463
http://dx.doi.org/10.2307/3225155
http://dx.doi.org/10.1074/jbc.M212007200
http://dx.doi.org/10.1016/j.febslet.2005.06.036
http://dx.doi.org/10.1042/bj20041931
http://dx.doi.org/10.1104/pp.%20104.052480
http://dx.doi.org/10.1073/pnas.61.2.598
http://dx.doi.org/10.1002/jez.a.343
http://dx.doi.org/10.1146/annurev-physiol-012110-142203
http://dx.doi.org/10.1086/659314
http://dx.doi.org/10.1016/j.cbpa.2011.05.032
http://dx.doi.org/10.1042/bst20120109
http://dx.doi.org/10.1093/icb/45.5.725
http://dx.doi.org/10.1002/pmic.200500387
http://dx.doi.org/10.1002/pmic.200500387
http://dx.doi.org/10.1098/rspb.1959.0013

340

L.C. Boswell et al.

Kikawada T, Nakahara Y, Kanamori Y, Iwata KI, Watanabe M, McGee B,
Tunnacliffe A, Okuda T (2006) Dehydration-induced expression of
LEA proteins in an anhydrobiotic chironomid. Biochem Biophys
Res Commun 348(1):56-61. doi:10.1016/j.bbrc.2006.07.003

Kwast KE, Hand SC (1993) Regulatory features of protein synthesis in
isolated mitochondria from Artemia embryos. Am J Physiol 265(6
Pt 2):R1238-R1246

Laemmli UK (1970) Cleavage of structural proteins during assembly of
head of bacteriophage-T4. Nature 227(5259):680. doi:10.1038/
227680a0

Li S, Chakraborty N, Borcar A, Menze MA, Toner M, Hand SC (2012)
Late embryogenesis abundant proteins protect human hepatoma
cells during acute desiccation. Proc Natl Acad Sci U S A 109(51):
20859-20864. doi:10.1073/pnas.1214893109

Liang P, Amons R, Clegg JS, MacRae TH (1997a) Molecular character-
ization of a small heat shock alpha-crystallin protein in encysted
Artemia embryos. J Biol Chem 272(30):19051-19058. doi:10.
1074/jbc.272.30.19051

Liang P, Amons R, MacRae TH, Clegg JS (1997b) Purification, structure
and in vitro molecular-chaperone activity of Artemia p26, a small
heat-shock/alpha-crystallin protein. Eur J Biochem 243(1-2):225-
232. doi:10.1111/j.1432-1033.1997.0225a.x

Marunde MR, Samarajeewa DA, Anderson J, Li SM, Hand SC, Menze
MA (2013) Improved tolerance to salt and water stress in Drosophila
melanogaster cells conferred by late embryogenesis abundant protein.
J Insect Physiol 59(4):377-386. doi:10.1016/j.jinsphys.2013.01.004

Maskin L, Frankel N, Gudesblat G, Demergasso MJ, Pietrasanta LI,
Tusem ND (2007) Dimerization and DNA-binding of ASR1, a small
hydrophilic protein abundant in plant tissues suffering from water
loss. Biochem Biophys Res Commun 352(4):831-835. doi:10.
1016/j.bbrc.2006.11.115

Menze MA, Boswell L, Toner M, Hand SC (2009) Occurrence of
mitochondria-targeted late embryogenesis abundant (LEA) gene in
animals increases organelle resistance to water stress. J Biol Chem
284(16):10714-10719. doi:10.1074/jbc.C900001200

Peterson GL (1977) Simplification of the protein assay method of lowry
et al. which is more generally applicable. Anal Biochem 83(2):346—
356. doi:10.1016/0003-2697(77)90043-4

Pouchkina-Stantcheva NN, McGee BM, Boschetti C, Tolleter D,
Chakrabortee S, Popova AV, Meersman F, Macherel D, Hincha
DK, Tunnacliffe A (2007) Functional divergence of former alleles
in an ancient asexual invertebrate. Science 318(5848):268-271. doi:
10.1126/science.1144363

Qiu Z, MacRae TH (2008a) ArHsp21, a developmentally regulated small
heat-shock protein synthesized in diapausing embryos of Artemia
franciscana. Biochem J 411(3):605-611. doi:10.1042/bj20071472

Qiu ZJ, MacRae TH (2008b) ArHsp22, a developmentally regulated
small heat shock protein produced in diapause-destined Artemia
embryos, is stress inducible in adults. Febs J 275(14):3556-3566.
doi:10.1111/5.1742-4658.2008.06501 .x

Receveur-Brechot V, Bourhis JM, Uversky VN, Canard B, Longhi S
(2006) Assessing protein disorder and induced folding. Proteins
62(1):24-45. doi:10.1002/prot.20750

Rees BB, Ropson 1J, Hand SC (1989) Kinetic properties of hexikinase
under near-physiological conditions—relation to metabolic arrest in
artemia embryos during anoxia. J Biol Chem 264(26):15410-15417

Reynolds JA, Hand SC (2004) Differences in isolated mitochondria are
insufficient to account for respiratory depression during diapause in
Artemia franciscana embryos. Physiol Biochem Zool 77(3):366—
377. doi:10.1086/420950

Roberts JK, Desimone NA, Lingle WL, Dure L (1993) Cellular concen-
trations and uniformity of cell-type accumulation of two LEA proteins
in cotton embryos. Plant Cell 5(7):769-780. doi:10.2307/3869614

Scalettar BA, Abney JR, Hackenbrock CR (1991) Dynamics, structure,
and function are coupled in the mitochondrial matrix. Proc Natl
Acad Sci U S A 88(18):8057-8061. doi:10.1073/pnas.88.18.8057

@ Springer

Sharon MA, Kozarova A, Clegg JS, Vacratsis PO, Warner AH (2009)
Characterization of a group 1 late embryogenesis abundant protein
in encysted embryos of the brine shrimp Artemia franciscana.
Biochem Cell Biol 87(2):415-430. doi:10.1139/009-001

Shevchenko A, Tomas H, Havlis J, Olsen JV, Mann M (2006) In-gel
digestion for mass spectrometric characterization of proteins and
proteomes. Nat Protoc 1(6):2856-2860. doi:10.1038/nprot.2006.468

Shimizu T, Kanamori Y, Furuki T, Kikawada T, Okuda T, Takahashi T,
Mihara H, Sakurai M (2010) Desiccation-induced structuralization
and glass formation of group 3 late embryogenesis abundant protein
model peptides. Biochemistry 49(6):1093—-1104. doi:10.1021/
bi901745f

Tolleter D, Jaquinod M, Mangavel C, Passirani C, Saulnier P, Manon S,
Teyssier E, Payet N, Avelange-Macherel MH, Macherel D (2007)
Structure and function of a mitochondrial late embryogenesis abun-
dant protein are revealed by desiccation. Plant Cell 19(5):1580—
1589. doi:10.1105/tpc.107.050104

Tolleter D, Hincha DK, Macherel D (2010) A mitochondrial late em-
bryogenesis abundant protein stabilizes model membranes in the dry
state. Biochim Biophys Acta-Biomembr 1798(10):1926-1933. doi:
10.1016/j.bbamem.2010.06.029

Tompa P (2002) Intrinsically unstructured proteins. Trends BiochemSci
27(10):527-533. doi:10.1016/s0968-0004(02)02169-2

Tompa P, Kovacs D (2010) Intrinsically disordered chaperones in plants
and animals. Biochem Cell Biol 88(2):167—174. doi:10.1139/009-163

Tripathi R, Boschetti C, McGee B, Tunnacliffe A (2012) Trafficking of
bdelloid rotifer late embryogenesis abundant proteins. J Exp Biol
215(16):2786—2794. doi:10.1242/jeb.071647

Tunnacliffe A, Wise MJ (2007) The continuing conundrum of the LEA
proteins. Naturwissenschaften 94(10):791-812. doi:10.1007/
s00114-007-0254-y

Uversky VN, Dunker AK (2010) Understanding protein non-folding.
BBA-Proteins Proteomics 1804(6):1231-1264. doi:10.1016/j.
bbapap.2010.01.017

Warner AH, Miroshnychenko O, Kozarova A, Vacratsis PO, MacRae TH,
Kim J, Clegg JS (2010) Evidence for multiple group 1 late embryo-
genesis abundant proteins in encysted embryos of Artemia and their
organelles. J Biochem 148(5):581-592. doi:10.1093/jb/mvq091

Warner AH, Chakrabortee S, Tunnacliffe A, Clegg JS (2012) Complexity
of the heat-soluble LEA proteome in Artemia species. Comp
Biochem Physiol Part D Genomics Proteomics 7:260-267. doi:10.
1016/j.cbd.2012.04.002

Watanabe M (2006) Anhydrobiosis in invertebrates. Appl Entomol
Zoolog 41(1):15-31. doi:10.1303/aez.2006.15

Welnicz W, Grohme MA, Kaczmarek L, Schill RO, Frohme M (2011)
Anhydrobiosis in tardigrades—the last decade. J Insect Physiol
57(5):577-583. doi:10.1016/j jinsphys.2011.03.019

Willsie JK, Clegg JS (2001) Nuclear p26, a small heat shock/alpha-
crystallin protein, and its relationship to stress resistance in
Artemia franciscana embryos. J Exp Biol 204(13):2339-2350

Wise MJ (2003) LEAping to conclusions: A computational reanalysis of
late embryogenesis abundant proteins and their possible roles. BMC
Bioinform 4:52. doi:10.1186/1471-2105-4-52

Wise MJ, Tunnacliffe A (2004) POPP the question: what do LEA
proteins do? Trends Plant Sci 9(1):13—17. doi:10.1016/j.tplants.
2003.10.012

Wolkers WF, McCready S, Brandt WF, Lindsey GG, Hoekstra FA (2001)
Isolation and characterization of a D-7 LEA protein from pollen that
stabilizes glasses in vitro. Biochim Biophys Acta-Protein Struct Molec
Enzym 1544(1-2):196-206. doi:10.1016/50167-4838(00)00220-x

Wu G, Zhang HX, Sun J, Liu F, Ge XM, Chen WH, Yu J, Wang WW
(2011) Diverse LEA (late embryogenesis abundant) and LEA-like
genes and their responses to hypersaline stress in post-diapause
embryonic development of Artemia franciscana. Comp Biochem
Physiol B-Biochem Mol Biol 160(1):32-39. doi:10.1016/j.cbpb.
2011.05.005


http://dx.doi.org/10.1016/j.bbrc.2006.07.003
http://dx.doi.org/10.1038/227680a0
http://dx.doi.org/10.1038/227680a0
http://dx.doi.org/10.1073/pnas.1214893109
http://dx.doi.org/10.1074/jbc.272.30.19051
http://dx.doi.org/10.1074/jbc.272.30.19051
http://dx.doi.org/10.1111/j.1432-1033.1997.0225a.x
http://dx.doi.org/10.1016/j.jinsphys.2013.01.004
http://dx.doi.org/10.1016/j.bbrc.2006.11.115
http://dx.doi.org/10.1016/j.bbrc.2006.11.115
http://dx.doi.org/10.1074/jbc.C900001200
http://dx.doi.org/10.1016/0003-2697(77)90043-4
http://dx.doi.org/10.1126/science.1144363
http://dx.doi.org/10.1042/bj20071472
http://dx.doi.org/10.1111/j.1742-4658.2008.06501.x
http://dx.doi.org/10.1002/prot.20750
http://dx.doi.org/10.1086/420950
http://dx.doi.org/10.2307/3869614
http://dx.doi.org/10.1073/pnas.88.18.8057
http://dx.doi.org/10.1139/o09-001
http://dx.doi.org/10.1038/nprot.2006.468
http://dx.doi.org/10.1021/bi901745f
http://dx.doi.org/10.1021/bi901745f
http://dx.doi.org/10.1105/tpc.107.050104
http://dx.doi.org/10.1016/j.bbamem.2010.06.029
http://dx.doi.org/10.1016/s0968-0004(02)02169-2
http://dx.doi.org/10.1139/o09-163
http://dx.doi.org/10.1242/jeb.071647
http://dx.doi.org/10.1007/s00114-007-0254-y
http://dx.doi.org/10.1007/s00114-007-0254-y
http://dx.doi.org/10.1016/j.bbapap.2010.01.017
http://dx.doi.org/10.1016/j.bbapap.2010.01.017
http://dx.doi.org/10.1093/jb/mvq091
http://dx.doi.org/10.1016/j.cbd.2012.04.002
http://dx.doi.org/10.1016/j.cbd.2012.04.002
http://dx.doi.org/10.1303/aez.2006.15
http://dx.doi.org/10.1016/j.jinsphys.2011.03.019
http://dx.doi.org/10.1186/1471-2105-4-52
http://dx.doi.org/10.1016/j.tplants.2003.10.012
http://dx.doi.org/10.1016/j.tplants.2003.10.012
http://dx.doi.org/10.1016/s0167-4838(00)00220-x
http://dx.doi.org/10.1016/j.cbpb.2011.05.005
http://dx.doi.org/10.1016/j.cbpb.2011.05.005

Molecular features of group 3 LEA proteins 341

Yancey PH (2005) Organic osmolytes as compatible, metabolic and Yancey PH, Clark ME, Hand SC, Bowlus RD, Somero GN (1982) Living
counteracting cytoprotectants in high osmolarity and other stresses. with water-stress: evolution of osmolyte systems. Science
J Exp Biol 208(15):2819-2830. doi:10.1242/jeb.01730 217(4566):1214-1222. doi:10.1126/science. 7112124

@ Springer


http://dx.doi.org/10.1242/jeb.01730
http://dx.doi.org/10.1126/science.7112124

	Quantification of cellular protein expression and molecular features of group 3 LEA proteins from embryos of Artemia franciscana
	Recommended Citation

	Quantification...
	Abstract
	Introduction
	Materials and methods
	Cloning, expression, and antibody production for recombinant AfrLEA2 and AfrLEA3m
	Preparation of cDNA and sequencing of additional Afrlea3m-related genes
	Molecular mass determination by SDS-PAGE
	Mass spectrometry
	Preparation of protein extracts from diapause and postdiapause embryos
	Preparation of isolated mitochondria
	Western blot analysis
	Detection of glycoproteins in polyacrylamide gels

	Results
	Properties of AfrLEA2 in A. franciscana embryos
	Multiple independently encoded variants of AfrLEA3m
	Protein expression of AfrLEA2 during development
	Quantification of protein expression for AfrLEA3m, AfrLEA3m_43, and AfrLEA3m_29 during development

	Discussion
	References


