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Abstract of Thesis

Binding Studies of the Sp185/333 Proteins of the Purple Sea Urchin, Strongylocentrotus

purpuratus: Implications of Diversity in the Function of a Novel Protein Family

The innate immune systems of invertebrates are much more complex than
previously thought. One example is the highly diverse Sp185/333 gene family expressed
in the coelomocytes (immune cells) of the purple sea urchin, Strongylocentrotus
purpuratus, after immune challenge. Encoded proteins exhibit significant sequence
diversity but share an organizational structure that includes a leader peptide, a glycine-
rich N-terminal region, and a histidine-rich C-terminus. The partial positive charges in
the histidine patches of the Sp185/333 proteins make them attractive candidates for
immune functions that would involve bacterial binding. The putative binding property of
the Sp185/333 proteins against bacteria, sheep red blood cells, and insect cells was
assessed. Most suites of Sp185/333 proteins from different animals bound to Bacillus,
Vibrio, Shewanella, and Idiomarina species, and treatments with low or high pH did not
disrupt binding. Binding often occurred against red blood cells, but rarely to insect cells.
Studies using recombinant proteins indicated that bacterial binding can occur in the
absence of the coelomic fluid (CF) environment, and that the proteins may be able to
saturate the surfaces of bacteria. A novel method was developed to isolate natively
expressed Sp185/333 from the CF, and these proteins also exhibited bacterial binding
properties. The ability to bind to a variety of non-self substrates may be a function of the
diversity of the Sp185/333 system, as manifested in the variable amino acid sequences of

encoded proteins. These attributes make the Sp185/333 system an intriguing addition to
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what is understood about the diversification of invertebrate innate recognition strategies

in the arms race against pathogens.
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1. INTRODUCTION

The purple sea urchin, Strongylocentrotus purpuratus, is a long-living marine
invertebrate that inhabits coastal ecosystems of the Pacific Ocean along the coast of
North America. Although it lacks an adaptive arm, the immune system of the purple sea
urchin is neither simple nor static (Hibino, Coll et al. 2006; Rast, Smith et al. 2006).
Indeed, many invertebrates (including sea urchins) exhibit extraordinary diversity in their
immune responses that may encompass much more specific pathogen-recognition
capabilities than previously believed (Flajnik and Du Pasquier 2004; Smith, Rast et al.
2006; Rast and Messier-Solek 2008; Messier-Solek, Buckley et al. 2010).

The primary immune responses of sea urchins are mediated by coelomocytes,
cells found in the coelomic fluid (CF)-filled body cavity (Boolootian and Geise 1958;
Johnson 1969; Smith and Davidson 1992; Smith, Chang et al. 1996; Smith, Ghosh et al.
2010). In the purple sea urchin, coelomocyte cell types include vibratile cells, colorless
and red spherule cells, and phagocytes (reviewed in Smith, Ghosh et al. 2010).
Phagocytes have the most clearly defined immune function of all coelomocyte types.
They clear the coelomic cavity of invading pathogens, and are functionally similar to
macrophages and granulocytes, the phagocytic cell types in higher vertebrates (Smith and
Davidson 1992). Large phagocytes have either discoidal or polygonal morphology,
whereas small phagocytes have filopodial morphology (Edds 1993; Henson, Svitkina et
al. 1999; Gross, Clow et al. 2000; Brockton, Henson et al. 2008; Smith, Ghosh et al.
2010).

Coelomocytes from the purple sea urchin express a multitude of immune genes

(Smith, Chang et al. 1996; Nair, Del Valle et al. 2005; Hibino, Coll et al. 2006; Rast,



Smith et al. 2006; Smith, Rast et al. 2006). Of particular interest among these is the
Sp185/333 gene family, which encodes a set of proteins that exhibit significant amino
acid sequence diversity (Smith, Chang et al. 1996; Rast, Pancer et al. 2000; Nair, Del
Valle et al. 2005; Terwilliger, Buckley et al. 2006; Terwilliger, Buckley et al. 2007;
Buckley, Munshaw et al. 2008; Ghosh, Buckley et al. 2010). The expression of
Sp185/333 transcripts greatly increases after immune challenge with various pathogen-
associated molecules (PAMPS), such as lipopolysaccharide (LPS), double stranded RNA
(dsRNA), and B-1,3-glucan (Nair, Del Valle et al. 2005; Terwilliger, Buckley et al. 2006;
Terwilliger, Buckley et al. 2007). Small and polygonal phagocytes in particular express
the Sp185/333 proteins (Brockton, Henson et al. 2008). Despite having a leader
sequence, Sp185/333 proteins are not present in soluble form in the CF. Instead they
remain associated with the cellular fraction of CF, where they are localized in the
perinuclear vesicles of small phagocytes and large polygonal phagocytes, and are present
in abundance on the surface of small phagocytes (Brockton, Henson et al. 2008).

Deduced Sp185/333 protein sequences have a hydrophobic signal sequence/leader
peptide, a glycine-rich N-terminal region, a histidine-rich C-terminus, and an RGD motif
that may bind to integrins on cell surfaces (Nair, Del Valle et al. 2005; Terwilliger,
Buckley et al. 2006; Terwilliger, Buckley et al. 2007). The proteins are also
characterized by numerous tandem repeats, histidine patches, and conserved, predicted
glycosylation sites. They contain no cysteines, GPI linkage motifs, transmembrane
regions, or any clearly predictable secondary structure, nor are they homologous to any
known protein (Nair, Del Valle et al. 2005; Terwilliger, Buckley et al. 2006; Terwilliger,

Buckley et al. 2007). They are observed to form dimers or oligomers (Brockton, Henson



et al. 2008; Dheilly, Nair et al. 2009), and the expressed suite of Sp185/333 proteins in an
individual animal can exhibit subtle differences in terms of molecular weights and pls in
response to challenges with PAMPs (Dheilly, Nair et al. 2009).

Overall, the diversity of the Sp185/333 sequences, the increase in gene expression
after immune challenge, and the variation in protein characteristics after exposure to
different pathogens suggest that the Spl85/333 proteins have an important
immunological role, which may include opsonic or bactericidal activities. Antimicrobial
peptides (AMPSs) initially target microbes through electrostatic interactions between their
positively charged regions and the negatively charged lipid membranes of bacteria
(Yeaman and Yount 2003). Positively charged regions are conserved within many AMPs
of organisms across the evolutionary spectrum, and many of these peptides must also
oligomerize to function. The partial positive charges in the histidine patches of the
Sp185/333 proteins make these proteins attractive candidates for immune functions that
involve bacterial binding.

In this study, we have assessed the putative binding properties of the Sp185/333
proteins against Gram-negative and Gram-positive bacteria, sheep red blood cells
(SRBC), and insect cells. Sonicated whole coelomic fluid (wCF) was used as a source of
proteins, and most suites of Sp185/333 proteins from different animals bound to the test
bacteria and often to SRBC, but rarely to insect cells. Sp185/333 proteins bound to
several different species of Gram-negative and Gram-positive bacteria, including
Bacillus, Vibrio, Shewanella, and Idiomarina species, and changes in pH did not disrupt
binding. Recombinant and native proteins isolated by Ni-affinity columns also bound to

Gram-negative and Gram-positive bacteria.



The ability to bind to a variety of non-self substrates is likely a function of the
diversity of the Sp185/333 system, as manifested in the variable amino acid sequences of
the encoded proteins. Therefore, the purple sea urchin may have the ability to broaden its
pathogen recognition capabilities through diversification of the Sp185/333 system. Given
the unique position of the sea urchin at the base of the deuterostomes, understanding the
ultimate function of Sp185/333 proteins will provide insight to the diversification of

innate immune systems in the lineage leading to vertebrates.



2. MATERIALS AND METHODS

2.1 Sea Urchins:

2.1.1 Animal Care:
Purple sea urchins, Strongylocentrotus purpuratus, were supplied by Marinus
Scientific Inc. (Long Beach, CA). Animals were housed in aquaria as described

previously (Gross, Clow et al. 2000; Shah, Brown et al. 2003).

2.1.2 Immunological Activation:

Sea urchins were immunologically activated by injections of LPS (Sigma-Aldrich,
St Louis, MO) or heat-killed Vibrio diazotrophicus (ATTC #33466) in artificial coelomic
fluid (aCF; 10 mM CaCl,, 14 mM KCI, 50 mM MgCl;, 398 mM NaCl, 1.7 mM
Na;HCO3, 25 mM Na,SO,) as previously described (Smith, Britten et al. 1992), such that
each animal received 1-2 ug LPS/ml of CF or 10* Vibrio/mL of CF. Sea urchins received

one and up to three injections at 24 hour intervals.

2.2 Isolation and processing of coelomic fluid

2.2.1. Coelomocyte collection

wCF (50uL) was withdrawn from animals as previously described (Gross, Al-
Sharif et al. 1999; Clow, Gross et al. 2000) into syringes pre-loaded with 200 pL ice-cold
calcium-magnesium free sea water containing 70 mM EDTA and 50 mM imidizole at pH
7.4 (CMFSW-EI; Terwilliger, Buckley et al. 2006). Cells were gently expelled into

empty 0.5mL microcentrifuge tubes on ice and counted using a hemocytometer.



2.2.2 Generation of wCF lysates

A small volume (<1mL) of fresh wCF was withdrawn into cold aCF, adjusted to
2x10° cells/mL with additional aCF, and sonicated over ice at 5-10 second intervals of
10-30 KHz until all cells were completely Isyed. Lysates were used immediately in
binding studies. Larger volumes (>5mL) of wCF for Sp185/333 protein isolations were
obtained by animal sacrifice. The mouth parts (Aristotle’s lantern) were removed, and
the coelomic fluid was funneled into 15 or 50 mL conical tubes, depending on the size of
animal. Benzamidine HCI (10 mM; Fisher Scientific, Atlanta, GA) and
phenylmethylsulfonyl fluoride (PMSF, 10 mM; Sigma-Aldrich) protease inhibitors were
immediately added and the wCF was sonicated as described above. In some cases Triton
X-100 (10 mM; Sigma-Aldrich) was added to further lyse coelomocytes. Sodium
phosphate buffer and imidizole were added to “equilibrate” wCF lysate into Binding
Buffer (BB; 300 mM NaCl, 50 mM sodium phosphate buffer, 10-20 mM imidizole; pH

7.4) for protein isolation on Ni-affinity columns (described below).

2.2.3 Isolation of native Sp185/333 proteins from wCF lysates

Lysed, BB-equilibrated wCF was mixed with HisB (Novagen, EMD
Biochemicals, Darmstadt, Germany) or His60 (Clontech, Mountain View, CA) Ni-
affinity resins in conical tubes at 4°C, and gently tumbled for 2 to 16 hrs. wCF lysate and
resin mixtures were loaded into capped 5 mL polystyrene columns (Thermo Scientific
Pierce, Atlanta, GA) and the resin was allowed to settle by gravity, on ice. Once settled,
the cap to the column was removed and flow through (FT) was collected into conical

tubes. Columns were washed with 10 resin volumes of BB followed by 10 resin volumes



of Wash Buffer (WB; 300 mM NaCl, 50 mM sodium phosphate buffer, 40 mM
imidizole; pH 7.4). Bound proteins were eluted with 10 resin volumes of Elution Buffer
(EB; 300 mM NaCl, 50 mM sodium phosphate buffer, 300 mM imidizole; pH 7.4) and
collected in 2-4 mL fractions. Small aliquots of each fraction were stored in SDS-PAGE
lysis buffer and kept at -70°C until analysis by SDS-PAGE and Western blot (see section
2.5).

Sp185/333 proteins were also isolated under two types of denaturing conditions.
In one set of experiments, wCF was equilibrated into BB as described above, with the
addition of 6 M urea. All subsequent wash and elution buffers also contained 6 M urea,
and columns were washed and the proteins eluted as described above. In another set of
experiments, WCF lysates remained in BB free of any urea. Columns were washed in
WB, but proteins were eluted with four resin volumes of EBsg (EB, pH 5.9) followed by

four resin volumes of EB,5 (EB, pH 4.5).

2.2.4 Preparation and quantification of isolated Sp185/333

Protein elutions from Ni-affinity isolations performed under native conditions (ni-
Sp185/333) were injected into Slide-A-Lyzer or Slide-A-Lyzer G2 dialysis cassettes
(Fisher Scientific). Cassettes were rotated gently in 1L phosphate buffered saline (PBS;
137 mM NaCl, 2.7 mM KCI, 4.3 mM NayHPQO,4, 1.47 mM KH,PO,, pH 7.4) at 4°C
overnight, followed by several buffer changes. Dialyzed proteins were withdrawn from
the cassettes, and the total protein concentration was determined by Micro-BCA Protein
Assay (Thermo Scientific Pierce). The percentage of Sp185/333 protein was calculated

by image and densitometry analysis with ChemiDoc XRS+ Image Lab software (Bio-



Rad, Hercules, CA) by comparing the Sp185/333" bands in Western blots with the

protein bands visible in stained SDS-PAGE gels.

2.3 Recombinant Sp185/333 expression and isolation

An Sp185/333 cDNA, Sp0032 (GenBank acc. no. DQ183168) with a 6X His-tag
was previously cloned into a pCOLD I expression vector (Takara Bio Inc, Japan) and
transfected into a chemically competent C43 strain of E. coli (S. Sacchi, unpublished).
To obtain recombinant protein (rSp0032), overnight cultures were inoculated into fresh
LAC broth (Lauria Broth; LB, with 100 ug/ml ampicillin, and 12.5 ug/ml
chloremphenicol), grown at 15°C to an optical density (OD 600) of 0.5-0.6, rested for 30
min at 15°C, and induced with 1 mM isopropyl-D-thiogalactoside (IPTG; Fisher
Scientific). Cells were further induced overnight by 15°C with rotation. Overnight
cultures were pelleted at 4°C for 30 min at 12,000 x g, lysed in BB in the presence of 10
mM Benzamidine-HCI (Fisher Scientific) and 1 mM PMSW (Sigma-Aldrich), and
sonicated over ice at 5-10 second intervals of 10-30 KHz until the lysate was
homogenous. Cell lysates were centrifuged at 14,000 x g for 30 min at 4°C, and the
subsequent supernatants were mixed with HisB (Novagen) or His60 (Clontech) Ni-
affinity resins in conical tubes for 2-16 hrs. Cell lysate and resin mixtures were loaded
into capped 5 mL polystyrene columns. Columns were washed with WB, and the 6X-His
tagged rSp0032 proteins were eluted with EB per manufacturer’s instructions. FT, wash,
and elution fractions were collected and analyzed by SDS-PAGE and Western Blots to

identify fractions with Sp185/333 protein (see section 2.5). Total protein concentration



and percent Sp185/333 protein in elution fractions was determined as described above

(2.2.4).

2.4 Binding Assays

2.4.1 Cell Preparation:

Bacteria used in the binding assays included Bacillus cereus, B. subtilis (personal
gifts from D. Morris, GWU), Vibrio diazotrophicus (ATTC #33466), and two Shewanella
and Idiomarina species previously isolated from housed sea urchins and identified by 16S
DNA sequence (Y.O. Kim and L.C Smith, unpublished data). Overnight cultures of
bacteria were grown at room temperature in LB or Marine broth. Aliquots of bacteria
were washed three times with aCF or PBS by repeated centrifugation at 12,000 x g for
two min each. Aliquots of sheep red blood cells (SRBCs; Lampire Biological, Pipersville
PA) and insect cells (Spodoptera frugiperda cell line, Sf9; Gibcon/Invitrogen, Carlsbad,
CA) were gently washed into aCF as described above, with 10 min spins of 300 x g. Any
damaged SRBCs were allowed to reseal at 37°C for 30 min to 1 hr. Concentrations of all

washed cells were evaluated with a hemocytometer.

2.4.2 wCF Binding Assay:

Sonicated WCF lysates equivalent to 2x10° coelomocytes were mixed with a 1 mL
volume of 10° washed bacteria, 5.35x10" SRBC, or 5.35x10’ Sf9 cells in aCF or PBS, so
that the equivalent total surface area of bacteria or cells was roughly 4x10° pm?, as
adapted from (Zhu, Thangamani et al. 2005). Control wCF, bacteria and cell samples

were incubated with aCF only. After incubation at 15°C for 30 min, the mixture was



pelleted at the time and g force appropriate to each cell type. A small aliquot of the
supernatant was stored in SDS-PAGE lysis buffer. The pellets were washed twice with 1
mL saline (0.9% NacCl), pelleted and re-suspended in 200 pL saline, and stored in SDS-
PAGE lysis buffer.

To test for the effects of pH, some bacterial pellets were re-suspended in 1 mL
fresh saline and aliquoted into five samples, one of 60 uL and four of 200 uL. The 60 pL
aliquot was treated with SDS-PAGE lysis buffer. The remaining four volumes were
pelleted at 12,000 x g for 5 min and re-suspended in 200 uL of either 0.1 M citric acid
(pH 2.0), 0.15 M triethylamine (TEA; pH 11), or saline. All treatments were agitated for
20 min and centrifuged for 4 min at 12,000 x g. Supernatant proteins were precipitated
by adding four volumes of acetone and resting at -20°C for 1 hr, followed by a 30 min
centrifugation of 12,000 x g at 4 °C. The pellets and small aliquots of the final
supernatants were re-suspended in SDS-PAGE lysis buffer. All samples were stored at -

70°C until further analysis (see section 2.5).

2.4.3 Isolated native and recombinant Sp185/333 binding assays

Fractions of isolated rSp0032 and ni-Sp185/333 proteins from several animals
were used for binding assays with bacteria and SRBC, as described above. For saturation
binding studies, rSp0032 fractions were biotinylated with Sulfo-N-hydroxysuccinimide
biotin reagent (EZ-link Sulfo-NHS; Thermo Scientific Pierce) per manufacturer
instructions. Briefly, proteins were mixed with a 50 molar excess of 10 mM Sulfo-NHS
for 2 hrs on ice with intermittent mixing. Labeled samples were dialyzed against PBS

overnight to remove excess reagent. Aliquots of 1, 5, 10, and 50 ug of biotinylated
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rSp0032 were mixed with 10° Vibrio diazotrophicus in 1 mL PBS for 30 min with gentle
tumbling at 15°C. Cells were washed three times with 1 mL PBS. Pellets were re-
suspended in 1 mL cold PBS and mixed with 5 ug/mL fluorescein isothiocyanate-
conjugated neutravidin (Neutravidin-FITC; Thermo Scientific Pierce) for 30 min in the
dark at 15°C with gentle tumbling. Cells were washed three times with ImL PBS and re-
suspended in 10 mL cold PBS prior to analysis by flow cytometry (FACSCalibur: 50,000
events; FSC voltage E-1, SSC voltage 290, FL-1 voltage 390). Mean fluorescence (MFI)

was referenced as a proxy of rSp0032 binding.

2.5 Gels and Blots

2.5.1 SDS-PAGE

All samples were resolved under reducing conditions by conventional 12% SDS-
PAGE (Laemmli 1970). Proteins were visualized using a variety of stains. Some gels
were stained with Coomassie-Brilliant Blue R250 (Thermo Scientific Pierce) for several
hours and destained (20% methanol, 10% acetic acid) overnight. Others were stained
with SYPRO Ruby (Molecular Probes of Invitrogen, Eugene, OR) per conventional
protocol (Berggren, Chernokalskaya et al. 2000). Briefly, gels were fixed (50% methanol
and 7% acetic acid) for two 15 min incubations, stained overnight with SYPRO Ruby,
and washed (10% methanol, 7% acetic acid) for 30 min before illumination under UV

light. Other gels were stained with silver salts as previously described (Morrissey 1981).
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2.5.2 Western Blots:

Proteins resolved by SDS-PAGE were transferred by electroblotting (HEP-1
Panther Semi Dry Electroblotter, Owl Separation Systems, Portsmouth, NH) onto
polyvinylidene fluoride membrane (Immobulin-PSQ Transfer Membrane; Millipore, Co.,
Bedford, MA) using transfer buffer (10% methanol, 20 mM Tris pH 8.8, 150 mM
glycine) for 1.5 hrs at 100 mA per filter (7.5x10 cm). After transfer, membranes were
stained with 0.1% PonceauS (Sigma-Aldrich) in 5% acetic acid, destained in 5% acetic
acid, and the positions of standard bands in the membrane were marked with needle
holes. Membranes were washed three times in Tris-NaCl-Tween (TNT; 25 mM Tris pH
7.4, 0.5M NaCl, 0.1% Tween 20) at room temperature for 15 min before blocking
overnight in “Blotto’ (5% milk proteins in TNT) on a rocker at room temperature.

Membranes were incubated in equal mixture of three anti-Sp185/333 rabbit
antisera directed towards three regions of the Sp185/333 proteins based on sequences
present in all known cDNAs (Brockton, Henson et al. 2008). Antisera anti-66 (N-
terminal region), anti-68 (RGD region), and anti-71 (C-terminal region) were used
equally in 1:15,000 dilutions in blotto for 2 hrs at room temperature, with rocking.
Additional rabbit antisera used for controls recognized the sea urchin complement
homologue, SpC3 (Al-Sharif, Sunyer et al. 1998), used at a dilution of 1:8,000 in blotto,
and the sea urchin profilin protein (SpProfilin; Smith, Britten et al. 1992), used at a
dilution of 1:12,000 in blotto. Membranes were washed three times in TNT and
incubated with goat anit-rabbit lg antibody conjugated with horseradish peroxidase

(GaR-1g-HRP; 1:30,000 dilution in blotto; Thermo Scientific Pierce) for 1 hr at room

12



temperature, with rocking. Incubation was followed by three TNT washes at room
temperature, with rocking.

Blots of rSp0032 proteins were probed with His-Probe conjugated with HRP
(His-Probe HRP, Thermo Scientific Pierce) 1:3,000 in PBST-BSA (PBS with 0.05%
Tween and 1% Bovine serum albumin, BSA, Sigma-Aldrich) for 2 hrs at room
temperature. Membranes were washed three times in TNT.

All  membranes were incubated briefly in SuperSignal West Pico
Chemiluminescent Substrate System (PerkinElmer, Waltham, MA) followed by exposure
to Autoradiography BX film (MidSci, St.Louis, MO) for varying time periods to optimize

band resolution.
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3. RESULTS

3.1 Different suites of wCF Spl185/333 proteins bind to cells under variable
environmental conditions
3.1.1 wCF Sp185/333 proteins bind Gram-negative and Gram-positive bacteria,

sometimes bind SRBC, and rarely bind Sf9 cells

A bacterial binding assay adapted from Zhu, et al (2005) was used to test the
binding properties of Sp185/333 proteins against Gram-negative and Gram-positive
bacteria. Lysed wCF from 18 immune-activated animals was the source of Sp185/333
proteins. Sp185/333 protein expression and binding was evaluated by the presence of
Sp185/333" bands in WCF and washed bacterial pellet samples on Western blots analyzed
with anti-Sp185/333 antisera (for series of representative blots, see Figure 1).
Sp185/333" bands were also present in the supernatant samples from the pelleted
bacteria, indicating that some of the protein remained unbound (Figure 1, lanes labeled
“U”). This suggested that there was either an excess amount of Sp185/333 proteins
relative to the bacterial binding sites, and/or that subsets of Sp185/333 proteins exist in
the wCF that did not bind to the bacterial species being tested. In support of this second
idea, of 18 animals, five expressed Sp185/333 proteins in which binding to bacteria was
not detectable (Table 1). In all, Sp185/333 proteins from 13 of 18 animals demonstrated
binding properties against either Gram-negative or Gram-positive species or both (Table
1). Binding was observed towards Vibrio diazotrophicus, Bacillus cereus, and Bacillus

subtilis, as well as towards Shewanella, and Idiomarina isolates that were originally
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cultured from dissected sea urchins and identified by 16S DNA sequence (YO Kim,
unpublished).

To determine whether Sp185/333 binding is specific to prokaryotes, wCF
Sp185/333 proteins were tested against eukaryotic cells by using SRBC and lepidopteran
Sf9 cells in binding assays. Western blots showed that wCF Sp185/333 proteins from
five of eight sea urchins bound to SRBCs (Table 1; see Figure 2 for representative
results), whereas Sp185/333 from only one of five animals bound to Sf9 cells (Table 1,
Figure 2B). Although these results did not explicitly prove specificity of Sp185/333
binding towards prokaryotes, if Sp185/333 proteins did not bind bacteria, they tended not
to bind SRBCs or Sf9 cells either (Table 1, animals 18 and 21).

Western blots were also probed for SpC3, a sea urchin complement homologue
that covalently binds bacteria (Smith 2002; Clow, Raftos et al. 2004), and SpProfilin, an
intracellular actin-binding protein (Carlsson, Nystrom et al. 1977) homologue that does
not directly interact with pathogens during urchin immune responses (Smith, Britten et al.
1992; Smith, Harrington et al. 1994). Bacterial pellets were positive for SpC3 (Figure
2C) but negative for SpProfilin (data not shown), indicating that any Sp185/333 binding
was likely not a false positive due to assay conditions. One blot probed for SpC3 showed
that SpC3 also binds SRBC (Figure 2C).

The patterns of Sp185/333 protein bands on Western Blots were unique to each
animal and larger than the predicted sizes of 4-55 kDa (Terwilliger, Buckley et al. 2006).
This was in agreement with previous reports (Brockton, Henson et al. 2008; Dheilly, Nair
et al. 2009), and most blots showed wCF Sp185/333 proteins of ~60 kDa and ~80 kDa, as

well as a large percentage of sizes over 150 kDa (see lanes “wCF” in Figures 1-4). The
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patterns of Sp185/333 protein bands were unique to individual animals (see lanes “wCF”
in Figures 1-4, especially within Figure 2), but the most common molecular weights
observed were ~80, 150, 200, and 250 kDa. These sizes were also present after
Sp185/333 proteins were bound to bacterial or control cells (see lanes “B” in Figures 1-
4). This suggested that proteins are present in the wCF as dimers or higher order

oligomers, and maintain their multimer state when bound to bacteria or other cells.

3.1.2 Truncated wCF Sp185/333 proteins bind to bacteria.

In order to elucidate which regions of Sp185/333 proteins may be involved in
bacterial binding, samples from a Bacillus cereus binding assay were analyzed by two
duplicate Western blots that were probed with separate antisera generated against the
glycine-rich (anti-66) and C-terminal (anti-71) regions of Sp185/333 (Figure 3). Both
antisera recognized unbound Sp185/333 proteins in the wCF of animal 3 (Figure 3, lanes
labeled “wCF”). However, anti-Sp185/333-71, which was raised against a C-terminal
peptide of the most common Sp185/333 protein sequence (see Materials and Methods;
Brockton, Henson et al. 2008), did not recognize any of the bound Sp185/333 proteins in
the bacterial pellet (Figure 3B). Because truncated Sp185/333 proteins, including some
with missense sequence encoded by edited mMRNAs, would lack the epitope for the anti-
Sp185/333-71 (see Terwilliger, Buckley et al. 2007; Buckley, Terwilliger et al. 2008;
Dheilly, Nair et al. 2009), this result suggested that truncated Sp185/333 proteins in the

wCF from one animal bind to bacteria.
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3.1.3 wCF Sp185/333 bacterial-binding remains unaffected by pH change

To characterize Sp185/333 binding chemistry, the effects of pH on bound
Sp185/333 proteins were tested. Western blot analysis of bacterial pellets and their
acetone-precipitated supernatants showed that Sp185/333 proteins remained bound to the
bacteria after saline and pH treatments (for a representative result, see Figure 4), and the
sizes of bound proteins remained unchanged after treatments. In all, low pH did not
result in protein elution and high pH eluted proteins in only two of six assays (Table 2).
In summary, these results indicated that the binding function of Sp185/333 proteins may

not be sensitive to large pH changes.

3.2 Recombinant Sp185/333 protein binds to Vibrio

To generate large amounts of Spl185/333 protein with the same amino acid
sequence for binding studies, recombinant Sp0032 was expressed and isolated. Although
the expression of recombinant protein appeared to be highly toxic to the E.coli host,
enough rSp0032 protein was expressed and isolated for a few preliminary studies to test
the binding function of rSp0032 in the absence of other wCF proteins. Western blot
analysis showed that rSp0032 bound to V. diazotrophicus (Figure 5A) and implied that
the binding of a rSp0032 protein to bacteria did not require other wCF proteins.

Results from the wCF-based assays showed that Sp185/333 proteins bind to a
variety of Gram-negative and Gram-positive bacteria (Table 1; Figure 1). However, the
specifics of this interaction could not be determined by Western blot analysis alone.
Therefore, binding studies with labeled recombinant protein were undertaken to

determine whether an exclusive ligand exists on bacteria that is bound competitively by
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Sp185/333. Increasing concentrations of biotinylated rSp0032 were mixed with equal
amounts of Vibrio diazotrophicus, and the level of binding was assessed by Neutravidin-
FITC through FACS analysis. Results of a pilot study showed that the number of FITC-
positive Vibrio amplified with each increasing concentration of rSp0032 (Figure 6A).
Vibrio appeared to become saturated with rSp0032 at a concentration of ~10-15 ug, as the
MFI levels between 10 ug and 50 ug did not increase greatly (Figure 6B). These data
suggested that there may be a limited number of Sp185/333-specific binding sites on
Vibrio cells, although this remains to be statistically validated with competition studies
using excess unlabeled Sp185/333 as a competitive inhibitor. Such studies were not

completed due to limited availability of the recombinant protein.

3.3.  ni-Sp185/333 proteins isolated from wCF bind to bacteria, but not SRBC

To overcome the problems with the conventional bacterial expression vectors, a
method for isolating natively expressed Sp185/333 proteins from wCF was optimized,
which was based largely upon the histidine rich nature of these proteins. WCF of
immune-activated animals was sonicated and isolated on Ni-affinity columns originally
designed to target the 6X His-tags of recombinant proteins. Western blot analysis of
column wash and elution fractions showed that some suites of wCF Sp185/333 proteins
were successfully isolated from eight of 11 animals (Table 3; see Figure 7A for
representative results).

Despite a wide range of Sp185/333 protein sizes in wCF samples, isolated ni-
Sp185/333 proteins from different animals shared common sizes of ~85-90, ~140-150,

~200-220, and ~250 kDa (Figure 7B; Table 3). This suggested that animals may share
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subsets of proteins with similar histidine signatures that bind well to Ni-affinity columns.
However, because Sp185/333 proteins do not seem to exist naturally as monomers (this
study; Brockton, Henson et al. 2008; Dheilly, Nair et al. 2009), Ni-column binding could
have also been a function of protein aggregation to the resins. This was tested by eluting
the ni-Sp185/333 proteins with either low pH (4-6) or 6M Urea. These denaturing
conditions did not elute ni-Sp185/333 proteins of monomer or otherwise different sizes
compared to proteins isolated under native conditions (Figure 7C). Thess results
indicated that Sp185/333 proteins remain strongly oligomerized under diverse
experimental conditions.

Animals were immune-activated prior to most protein isolations in order to induce
or increase the expression Sp185/333 before animals were sacrificed. While this
activation always led to Sp185/333 expression (data not shown), activated animals did
not always yield Sp185/333 proteins that bound Ni-columns (see animal #12, Table 3).
This suggested that induction of the Sp185/333 system resulted in different suites of
Sp185/333 proteins in different animals, and did not confer any heightened Ni-column
binding properties of expressed proteins.

Because the Ni-isolation method was designed to putatively exploit the histidine-
rich nature of Sp185/333, we were also curious to see if Ni-column binding proteins had
any unusual binding properties. ni-Sp185/333 proteins were dialyzed into aCF and used
in binding assays with bacteria and SRBC. ni-Sp185/333 from animals #7, 15, and 30
bound either V. diazotrophicus, Shewanella spp, and B. cereus species, but never SRBC
(Table 3; Figure 5B for animal #30). Sf9 cell controls could not be completed due to

limited supply of ni-Sp185/333 proteins. These results suggested that subsets of ni-
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Sp185/333 proteins isolated from many animals could bind bacteria in the absence of
other wCF proteins. However, Coomassie and Silver stained gels of Sp185/333" elution
fractions showed that additional proteins were present (Figure 7D), indicating that the Ni-
column isolation method recovered other wCF proteins along with Sp185/333. Image
and densitometry analysis of protein bands confirmed that, on average, only about 20-
35% of total protein recovered from each isolation was in fact Sp185/333 (Table 3).
Control blots showed that SpC3 and SpProfilin were not among the other proteins

isolated with Sp185/333 (Figure 7D).
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4. DISCUSSION

Marine microbes exist in concentrations of up to 10° bacteria/ml of seawater
(Ammerman 1984; DelLong 1992), therefore highly diverse pathogen detection and
defense mechanisms are crucial for the survival of marine invertebrates. The purple sea
urchin is no exception. The sea urchin immune system is quite complex (Hibino, Coll et
al. 2006; Rast, Smith et al. 2006) and contains many elements with homology to integral
components of vertebrate innate immunity (Smith and Davidson 1994). Because ~60%
of the differentially expressed mRNAs in LPS- and bacteria-activated coelomocytes are
Sp185/333 transcripts (Nair, Del Valle et al. 2005; Terwilliger, Buckley et al. 2007), the
diverse family of Sp185/333 proteins are considered to play an important role in the
overall defenses of the sea urchin.

This study provides evidence that Sp185/333 proteins bind to a variety of Gram-
negative and Gram-positive bacteria. The ability of most Sp185/333 proteins to bind to
such a variety of bacterial species is intriguing, as it implies that the proteins may have a
broad ability to recognize members from both classes of bacteria. The finding that five of
18 animals expressed Sp185/333 proteins that did not bind to any of the tested bacteria
suggests that pathogen specificity may be unique to certain suites of proteins but not to
others. Indeed, negative controls with Sf9 cells, to which Sp185/333 generally failed to
bind, further suggests that Spl185/333 protein binding may be specific towards
prokaryotic signatures.

The exact membrane components to which the proteins bind remain unknown.

Preliminary results herein suggest that specific Sp185/333 binding sites on Vibrio
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diazotrophicus may exist. Potential sites could include components of LPS, such as
Lipid A, core oligosaccharides and O-antigens (Raetz and Whitfield 2002), and/or a
variety of other glycolipids, lipoproteins, and surface proteins characteristic of Gram-
negative bacteria (Oliver and Colwell 1973; Sutcliffe and Russell 1995; Beveridge 1999;
Raetz and Whitfield 2002). Because Sp185/333 proteins also bind Gram-positive
species, the proteins may be specific towards moieties that are shared between the two
classes of bacteria, such as the carbohydrate and protein-rich S-layer coating (Sleytr,
Messner et al. 1993; Navarre and Schneewind 1999; Sara and Sleytr 2000).
Alternatively, different subsets of proteins could have the capacity to bind the two
bacteria classes in separate ways, analogous to the way certain classes of Toll-like
receptors (TLRs) are specifically activated by either Gram-negative or Gram-positive
bacteria (Armant and Fenton 2002; Bell, Mullen et al. 2003). Sp185/333 proteins do not,
however, have any known signaling or transmembrane domains (Terwilliger, Buckley et
al. 2006) and are not hypothesized to act as signal transducers after binding.

While the results discussed above suggest a specificity of Sp185/333 against
prokaryotes, Sp185/333 binding to SRBCs contradicts this hypothesis. These results
instead imply that proteins are generally “sticky” towards non-self membranes.
However, SRBCs can be bound and lysed by immune cell components of other
vertebrates (Argyris 1967; Lay, Mendes et al. 1971), thus it is possible that Sp185/333
proteins likewise bind to immunogenic components that are specific to SRBCs. These
could include some the unique glycophorins, lipids, and proteins present in abundance on
the SRBC surface (Steck 1974; Lang, Nermut et al. 1981). For example, the Forssman

glycolipids of SRBCs are known to be highly immunogenic (Tillack, Allietta et al. 1983;
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Iwamori, Murata et al. 2009), and glycophorins A, B, and C are bound by histidine-rich
proteins of the parasite Plasmodium falciparum (Lopez, Urquiza et al. 2000).

While the nature of the interaction between Sp185/333 and SRBCs remains to be
fully characterized, it is important to note that isolated ni-Sp185/333 proteins did not bind
SRBCs to the same degree as Sp185/333 proteins present in the wCF. The simplest
explanation is that the Ni column-binding proteins that include Sp185/333 plus other
unknown proteins can bind bacteria, but not SRBCs. Another possibility is that within
WCF conditions, Sp185/333 proteins are able to bind SRBCs indirectly due to the
presence of other opsonin/lectin/complement proteins, but cannot do so once separated
from these factors. SpC3 bound directly to SRBCs, therefore it is possible that
Sp185/333 proteins may act in conjunction with SpC3 and/or other wCF molecules in
order to bind SRBCs, but not necessarily in order to bind bacteria.

Overall, Sp185/333 binding appears to be robust against prokaryotic membranes,
although variable affinity for SRBCs is also exhibited. More extensive competition
studies and controls with additional bacterial and eukaryotic cell types will be required to
tease out the true adhesive nature of Sp185/333 proteins. Until then, other characteristics
of Sp185/333 proteins may offer some insight, such as the propensity of both native and
recombinant proteins to retain an SDS-PAGE-resistant aggregated state, in agreement
with previous studies (Brockton, Henson et al. 2008; Dheilly, Nair et al. 2009). As
evidenced in this study, these multimers are further maintained during bacteria binding,
and bound proteins are generally not eluted from bacteria by pH change. Furthermore,
Sp185/333 proteins fail to dissociate to monomers when treated with low pH or high

concentrations of urea during isolation from wCF lysates. Although the exact
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mechanisms of aggregation are unclear, it appears that robust multimerization may be a
key aspect of protein binding or function. For example, because Sp185/333 protein are
present on the surface of small phagocytes (Brockton, Henson et al. 2008), oligomers
present on coelomocytes and bound to bacteria could function as a bridge between the
coelomocyte and pathogen prior to phagocytosis.

Another factor central to binding may be the fact that Sp185/333 proteins are
replete with histidine patches. It was originally hypothesized that the positive charges on
these residues might facilitate binding to negatively charged surfaces of bacteria. Indeed,
the isolation of Sp185/333 proteins from wCF by Ni-affinity was designed to take
advantage of this feature, and the resulting ni-Sp185/333 would bind to bacteria in
several cases. Histidine-rich peptides are known to be immunologically active (Bosshart
and Heinzelmann 2003), prominent examples being the antifungal histatins in human
saliva (Raj, Edgerton et al. 1990), and the hisitidine-rich glycoprotein (HRGP-1) of
vertebrates and some invertebrates that binds LPS and exhibits bactericidal properties
(Rydengard, Olsson et al. 2007). However, truncated Sp185/333 proteins lacking a
histidine-rich region nonetheless bind to bacteria. Furthermore, not all of the putatively
histidine-enriched subsets of Ni-isolated Sp185/333 proteins bind bacteria. Therefore,
other regions of the protein may also be responsible for bacterial and SRBC binding.

The ability to bind to a variety of targets may also be a function of the diversity
intrinsic to the Sp185/333 system. Diversity at the gene (Terwilliger, Buckley et al.
2006; Buckley and Smith 2007; Buckley, Munshaw et al. 2008) and transcript
(Terwilliger, Buckley et al. 2007) levels translates into highly variable amino acid

sequences of the encoded proteins (reviewed in Ghosh, Buckley et al. 2010). RNA-
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editing (Buckley, Terwilliger et al. 2008) and other post-translational modifications
(Dheilly, Nair et al. 2009) add additional layers of diversity such that the number of
unique proteins within one animal can exceed 260 isoforms (Dheilly, Nair et al. 2009).
Moreover, the Sp185/333 gene family is under positive pressure for sequence
diversification (Terwilliger, Buckley et al. 2006; Buckley, Munshaw et al. 2008), which
implies a potential role of the encoded proteins to interact with rapidly evolving arrays of
binding targets.

Many other invertebrate immune systems are characterized by large and diverse
gene families that encode immune relevant proteins. In freshwater snails, thousands of
fibrinogen-related proteins (FRePs) with lectin-like functions are generated from
alternative splicing (Leonard, Adema et al. 2001; Zhang, Leonard et al. 2001; Hertel,
Adema et al. 2005). The effectiveness of antimicrobial shrimp penaeidins against
bacterial and fungal infections is dependent on the specific peptide class and isoforms
generated from significant sequence diversity of a small, yet polymorphic gene family
(Gross, Bartlett et al. 2001; Cuthbertson, Shepard et al. 2002). Arthropods including
Drosophila melanogaster and the mosquito Anopheles gambiae are known to express
over 19,000 unique immune proteins called Down’s syndrome cell adhesion molecules
(DSCAMSs) through the alternative splicing of transcripts from a single gene (Watson,
Puttmann-Holgado et al. 2005; Dong, Taylor et al. 2006). Alternatively-spliced
AgDSCAM molecules exhibit distinctive adhesive characteristics and interaction
specificity towards different pathogens (Dong, Taylor et al. 2006). Given the above
examples, the generation of vast repertoires of pathogen-binding or pathogen-recognizing

proteins through various diversification mechanisms is a hallmark of invertebrate
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immunity (Messier-Solek, Buckley et al. 2010). This presents an interesting paradox for
Sp185/333: the diversity of the Sp185/333 system implies a proclivity of the encoded
proteins to physically interact with rapidly evolving pathogens, but the results shown here
indicate that Sp185/333 protein binding is not 100% exclusive to prokaryotes.
Furthermore, the proteins remain intimately associated with certain subtypes of
coelomocytes by currently unknown mechanisms (Brockton, Henson et al. 2008). What,
then, is the evolutionary function of Sp185/333 sequence diversity if the majority of
expressed proteins appear to have relatively broad, if not outright “sticky” binding
capabilities?

These seemingly conflicting characteristics of the Sp185/333 system may be two
sides of the same coin if the sequence diversity is in fact designed to generate binding
functions in a manner that is random enough to avoid counter-diversification of the
targeted pathogens. In the current paradigm of how pathogens are recognized by
adaptive and innate immune systems, a distinct interaction between a pathogen epitope or
moiety and the host receptor or binding protein must occur. In the vertebrates, receptors
belonging to the immunoglobulin superfamily bind to very specific epitopes of a virtually
unlimited number of pathogens, as enabled by the somatic hypermutation of antigen-
binding domains (Williams and Barclay 1988; Litman, Anderson et al. 1999). In innate
systems, germ-line encoded pathogen recognition receptors (PRRs) instead recognize the
broadly conserved patterns of PAMPs (Janeway and Medzhitov 2002). For example,
subtle residue changes within leucine-rich repeats (LRRs) and insertions or deletions of
entire LRR units within the solenoid ectodomain of TLRs confer differential binding

properties against the acylated lipid chains of LPS or lipoproteins of Gram-negative and
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Gram-positive bacteria, the phosphate groups of dsRNA, or the repeated units within the
flagella of bacteria (reviewed in Gay and Gangloff 2007; Jin and Lee 2008). In a similar
fashion, sequence variation within the carbohydrate-binding domains of lectins facilitates
the binding of distinctive patterns and spacing of sugars on the surfaces of a large variety
of microbes (Zhu, Ng et al. 2006). In contrast, Sp185/333 proteins may utilize an entirely
novel “recognition” strategy, in which they lack a distinguishable scaffold or structure
that would house evolvable pockets of residues responsible for binding, and instead rely
on different mechanisms to maintain a very broad ability to bind to non-self.

As there is no specific predicted structure to Sp185/333 proteins (Terwilliger,
Buckley et al. 2006), these unknown mechanisms of binding may be generated by the
“inherent disorder” of the proteins themselves. Inherently disordered proteins are
proteins that lack any 3D structure in solution, but nevertheless exhibit important roles in
molecular recognition, signaling, and regulation by having flexible domains that extend
and collapse into different shapes, dependent on the ligand and cellular environment
(reviewed in Dunker, Silman et al. 2008). Thus in the case of Sp185/333, the numerous
permutations of amino acid sequence may not be directed towards specific sites or
moieties, as would be suggested by the current paradigm of recognition strategies, but
instead might function to bind non-self by randomly conforming into different ensembles,
or through otherwise unknown mechanisms. If Sp185/333 protein diversification is
sufficiently random, these binding properties could encompass the variety of bacteria and
SRBCs that were used in this study.

Because pathogen strategies must capitalize on either evading recognition or

suppressing the immune response (Janeway and Medzhitov 2002), the ironic advantage to
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having such excessively broad binding capabilities could be that the randomness in which
an Sp185/333 protein is “sticky” towards a pathogen would also prevent the pathogen
from successfully evolving ways to elude detection by the proteins. In this context, the
putative broad binding capabilities are expanded by the prediction that the Sp185/333
gene family has between 40-50 genes (Ghosh, Buckley et al. 2010) in a diploid genome
that is estimated to have a baseline 4-5% difference between individual animals (Britten,
Cetta et al. 1978; Sodergren, Weinstock et al. 2006). If Sp185/333 proteins are indeed
diversified in order to stay inherently random enough to bind almost any variety of
pathogen or non-self molecule, the proposed multi-locus nature of the genes encoding
these proteins would add another hurdle to a pathogen’s ability to evolve a response to
Sp185/333. This would be compounded further by the predicted RNA editing of the
Sp185/333 transcripts (Buckley, Terwilliger et al. 2008). The animals used in this study
were originally collected from the wild, thus the demonstrated capabilities of Sp185/333
proteins to bind Gram-negative and Gram-positive bacteria and SRBC may be a function
of both the individual and population-levels of protein diversity.

In conclusion, given the polygenic and polymorphic nature of the Sp185/333
system (Ghosh, Buckley et al. 2010) and the demonstrated ability of the encoded proteins
to bind to a broad array of non-self, the Sp185/333 system is an intriguing addition to
what is understood about the diversification of innate recognition strategies in the
invertebrate arms race against pathogens. Future research will involve clarifying the
exact influence of Sp185/333 sequence diversity on protein binding properties and,
ultimately, the role of this diversity in the effector functions of these proteins. As the sea

urchin occupies a unique phylogenetic position as a basal deuterostome, understanding
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novel components of the sea urchin immune system is significant in understanding the
evolution and diversification of innate immune systems in the lineage leading to

vertebrates.
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Figure 1. Sp185/333 proteins from three different animals bind to Gram-negative
and Gram-positive bacteria. Sonicated wCF from three animals was incubated with
different species of bacteria. Bacteria were pelleted and washed, and the supernatant and
pellet fractions analyzed by Western blots probed with equal amounts of all three anti-
Sp185/333 antisera (1:15000). (A). Animal #6 Sp185/333 proteins bind Gram-negative
bacteria. (B). Animal #30 Sp185/333 proteins bind two Gram-negative species. (C).
Animal #15 Sp185/333 proteins bind a Gram negative and a Gram-positive species. WCF
= sonicated whole coelomic fluid; I.sp. = Idiomarina species; S.sp.= Shewanella species;
V.d. = Vibrio diazotrophicus; B.c. = Bacillus cereus. U = supernatant with excess and/or
unbound Sp185/333; B = bacterial pellet with bound Sp185/333; C = control bacterial
pellet that was not incubated with wCF. Blue dots indicate cross-reactivity of rabbit
serum to bacteria, and do not represent actual Sp185/333 protein. Standards are shown to

the left.
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Figure 2. wCF proteins from different animals variably bind bacteria, SRBCs and
Sf9 cells. wCF lysates from two animals were incubated with Vibrio diazotrophicus,
SRBCs, or Sf9 cells. Cells were pelleted, washed and analyzed by Western blots probed
with equal amounts of all three anti-Sp185/333 antisera (1:15000). (A). Animal #20
Sp185/333 proteins bind Vibrio, but not SRBCs or Sf9 cells. (B). Animal #10 Sp185/333
proteins bind Vibrio, SRBCs, and Sf9 cells. (C). Animal #10 SpC3 proteins bind bacteria
and SRBCs. wCF = sonicated whole coelomic fluid; V.d. = Vibrio diazotrophicus;
SRBC = sheep red blood cells; Sf9 = insect cells; B = cell pellet with bound Sp185/333
proteins; C = control cell pellet that was not incubated with wCF. Blue dots indicate
cross-reactivity of rabbit serum to bacteria, and do not represent actual Sp185/333

protein. Standards are shown to the left.
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Figure 3. Truncated Sp185/333 proteins from Animal #3 bind to Bacillus cereus.
Lysed wCF from animal #3 was incubated with B. cereus. Bacterial pellets were washed
and analyzed by separate Western blots, each probed with a different anti-Sp185/333
antisera (1:15000). (A). Blot probed with anti-Sp185/333-66 antiserum, which
recognizes the N-terminal region of the protein. (B). Blot probed with anti-Sp185/333-71
antiserum which recognizes the C-terminal region of the protein (see (Brockton, Henson
et al. 2008)). B = bacterial pellet with bound Sp185/333; C = control bacterial pellet.
Blue dots indicate cross-reactivity of rabbit serum to Bacillus, and do not represent actual

Sp185/333 protein. Standards are shown to the left.
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Figure 4. Bound Sp185/333 proteins are not eluted from Vibrio diazotrophicus by
low or high pH. Sp185/333™ Vibrio pellets were subjected to citric acid (pH 2), TEA
(pH 11) and saline treatments, and eluted proteins were concentrated by precipitation in
cold acetone prior to analysis by Western blot. Blots were probed with all three anti-185
antisera (1:15000). wCF = whole coelomic fluid; V.d.. = Vibrio diazotrophicus; By =
initial bacterial pellet with bound Sp185/333 proteins; C = control bacterial pellet that
was not incubated with wCF; B = bacterial pellets after the treatment indicated above; E
= eluted proteins. Blue dots indicate cross-reactivity of rabbit antisera to Vibrio, and do

not represent actual Sp185/333 protein. Standards are shown to the left.
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Figure 5. Sp185/333 binds bacteria in the absence of other wCF proteins.
Recombinant Sp185/333 protein (rSp0032) and ni-Sp185/333 proteins isolated from
animal #30 were used in a binding assay with bacteria. (A). Bacteria were mixed with
10-15ug rSp0032, pelleted and washed, and the supernatant and pellet fractions were
analyzed with HisProbe-HRP (1:3000) on Western blots. (B). ni-Sp185/333 proteins
from animal #30 were used in a binding assay with Vibrio diazotrophicus, Bacillus
cereus, and SRBCs. Cells were mixed with 10ug ni-Sp185/333, pelleted and washed,
and the supernatant and pellet fractions analyzed by Western Blots probed with an equal
mixture of all three anti-Sp185/333 antisera (1:15000). V.d. = Vibrio diazotrophicus; B.c
= Bacillus cereus; n185 = Ni-affinity isolated ni-Sp185/333; SRBC = sheep red blood
cells; U = supernatant with excess and/or unbound rSp0032; B = cell pellet with bound
rSp0032 or ni-Sp185/333; C = control cell pellet that was not incubated with wCF. Blue
dots indicate cross-reactivity of rabbit serum to bacteria, and do not represent actual

Sp185/333 protein. Standards are shown to the left.
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Figure 6. rSp0032 binds to Vibrio diazotrophicus. rSp0032 protein was biotinylated and
used in a binding assay with Vibrio diazotrophicus. (A). Binding of biotinylated rSp0032
to Vibrio diazotrophicus as determined by FACS. Bacteria were incubated with
increasing concentrations of biotinylated rSp0032, and binding was demonstrated using
Neutravidin-FITC by FACS (50,000 events). R2 = gate on FITC-positive cells. (B).
Binding of rSp0032 was determined as above and expressed as mean fluorescence

intensity (MFI).
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Figure 7. ni-Sp185/333 proteins isolated by Ni-affinity columns share common sizes
under native and denaturing conditions, and are eluted with other wCF proteins.
Sonicated wCF was passed through Ni-affinity columns and ni-Sp185/333 proteins were
eluted with imidizole buffers. (A). A representative Western blot of isolation fractions.
Fractions were analyzed by Western blots probed with equal amounts of all three anti-
Sp185/333 antisera (1:15000). FT, flow through; W, wash fractions; E, elution fractions.
(B). Composite Western blot (all three anti-Sp185/333, 1:15000) of many elution
fractions, designated by the animal from which proteins were isolated. (C). Sp185/333
proteins from animals #8 and #13 were isolated under different buffer conditions.
Proteins from #8 were eluted with Elution Buffers (EB) of pH 7.4, 5.9, or 4.5. Proteins
from animal #13 were eluted with EBs of either 0 or 6M Urea. Blots were probed with
all three anti-Sp185/333 (1:15000). (D). Elution fractions from animal #8 contain many
protein bands when run on Coomassie (C) and Silverstain (SS). On Western blots,
elution fractions are positive when probed with all three anti-Sp185/333 antisera (185,
1:15000), but negative when probed with anti-SpC3 (C3, 1:8000) or SpProfilin (Prof,

1:12000).
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Table 1. Sp185/333 proteins in wCF (n=18) variably bind bacteria, SRBCs, and Sf9 cells

Animal Bacteria SRBCs  Sf9 Cells

# Gram (-) Gram (+)

10 Yes ND Yes Yes
21 No No No No
18 No No No No
22 Yes Yes Yes No
30 Yes ND No No
20 Yes Yes Yes ND
6 Yes Yes Yes ND
15 Yes Yes Yes ND
2 No ND ND ND
3 No Yes ND ND
5 No ND ND ND
7 Yes Yes ND ND
8 Yes Yes ND ND
24 ND No ND ND
o5 Yes ND ND ND
23 Yes ND ND ND
26 Yes ND ND ND
30 Yes Yes ND ND

Gram (-) negative: Vibrio diazotrophicus, Shewanella spp, or Idiomarina spp
Gram (+) positive: Bacillus cereus or Bacillus subtilus

SRBCs, Sheep red blood cells

Sf9 cell line: Spodoptera frugiperda cell line

ND, not determined
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Table 2. pH treatments of bound Sp185/333 proteins

Bound Sp185/333 proteins eluted by:

Animal Bacteria Gram Citric Acid TEA Saline
(pH2.0) (pH 11) (pH7.4)
B. cereus (+) No No No
8
V. diazo ) No No No
21 V. diazo ) No No No
23 V. diazo ) No Yes Yes
Shewanella sp ) No No No
26
V. diazo ) No Yes No

(-) Gram-negative; (+) Gram-positive
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Table 3. Ni-column isolated proteins (n=11) vary in Sp185/333 protein yield and binding

properties
Animal  Bacterial splfllg;%j% Total protein yield Binding Properties
# Injection g h) % Sp185/333  Testcells  Binding
~250, 200
1 No 145 85 ND ND
5 Yes None N/A N/A
* ~230, 200 25 ug/mL
6 Yes 140, 82 30% ND
V. diazo No
7 No ~250, 80 21 ug/mL B. cereus Yes
45%
SRBC No
* ~ 9 ug/mL ,
8 Yes 85, 50 350 V. diazo Yes
* ~200, 140 6 ug/mL
9 Yes 85 20% ND
12 Yes'™ None N/A N/A
~250, 200
13 No 85, 35 ND ND
V. diazo No
15 Yes* ~200, 140 4 ug/mL Shewanella Yes
85 28% B. cereus Yes
SRBC No
17 Yes'™ None N/A N/A
V. diazo Yes
30 Yes iig égS ZS;gémL B. cereus Yes
’ 0 SRBC No

*V/. diazotrophicus injection (10%-10%/mL coelomic fluid, CF)
T E.coli LPS injection (2 ug/mL CF)

% Sp185/333: Percentage of total protein as determined by densimetric analysis of

proteins bands in Western blots and stained gels
SRBC, sheep erythrocyte
Cell types bound by proteins are highlighted in bold

ND, not determined; N/A, not applicable
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