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ABSTRACT 

Venoms of the Sicariidae spider family contain phospholipase D (PLD) enzyme toxins 
that can cause severe dermonecrosis and even death in humans.  PLD toxins are known to 
cleave the substrates sphingomyelin (SM) and lysophosphatidylcholine (LPC) in 
mammalian tissues, releasing a choline headgroup and a reported monoester phospholipid 
formed via a hydrolytic reaction. However, some PLD toxins have demonstrated the 
ability to utilize substrates besides SM and LPC and other PLD toxins have demonstrated 
no activity against either SM or LPC.  Given that the etiology of the disease state 
following envenomation is not well understood, we postulated that PLD toxins could be 
utilizing other phospholipid substrates in vivo.  To determine the level of promiscuity 
among the PLD toxins, we developed a novel 31P-NMR assay to measure phospholipase 
activity against a panel of potential phospholipid substrates.  While developing the assay, 
we made the surprising discovery that recombinant PLD toxins, as well as whole venoms 
from diverse Sicariidae species, exclusively generates cyclic phosphate rather than 
hydrolytic products. We also found that a distantly related PLD toxin from a pathogenic 
bacterium, with low sequence identity to the spider PLDs, exclusively generates cyclic 
phosphate products. We then established that St_βIB1i, a PLD with extremely 
diminished activity toward SM and LPC, actually demonstrates large preferential 
specificity towards ethanolamine phospholipid substrates.  We solved the crystal 
structure of St_βIB1i to compare to PLD toxins of known structure, toward an 
understanding of the molecular basis of substrate specificity. The cyclic phosphate 
products generated by the PLD toxins have extremely different biochemical properties 
than their monoester counterparts and may be relevant to the pathology following 
envenomation or bacterial infection.  In addition the specificity St_βIB1i has for 
ethanolamine substrates may have biological implications, as insects have high 
concentrations of ethanolamine-containing phospholipids.  
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CHAPTER ONE:  

THE SICARIIDAE SPIDER FAMILY AND LOXOSCELISM 

Part 1: The unique toxins of spider venom and their effects on human health.  

The biochemical diversity of spider venom  

Spiders are the most successful terrestrial predators in terms of species diversity 

and planet colonization.  As of late 2013, there are 44,540 described species of spiders 

from 3,924 genera (1) on all continents except Antarctica and in a vast variety of 

climates.  Undoubtedly, the success of these animals as effective predators of 

predominantly invertebrate prey is due to the development of two powerful and unique 

biochemical weapons for immobilization and capture: silk and venom.  Besides a few 

unique examples of spiders of the families Uloboridae and Liphistiidae, which have 

apparently lost their venom glands (2), nearly all spiders have venom composed of 

numerous biological toxins with unique pharmacological activity (3, 4).  Given the 

breadth of extant spider species diversity, it has been estimated that 12 million or more 

unique toxins could exist in Nature (5).  As of 2014, however, only 922 spider toxins 

have been described and deposited in the ArachnoServer database (6, 7).  The specific 

nature and activity of these toxins has garnered interest in their potential as therapeutics 

(8) and as insecticides (9).  Therefore, spider venom is currently an underexplored 

resource for biomolecules with unique and specific biological properties that could 

benefit humanity.  
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 While spiders are ubiquitous in Nature and are predominantly venomous, very 

few species cause medically significant issues to humans upon envenomation.  

Venomous snakes are considered to be a far more serious clinical threat to humans (10) 

given that the diet of snakes is largely vertebrate and mammalian animals; and a strong 

correlation between toxin evolution and diet has been established in snakes (11).  Of the 

44,540 known spider species, <200 are considered potentially dangerous to humans (12); 

these are the ‘widow spiders’ from the genus Latrodectus, the ‘Brazilian wandering 

spiders’ of the genus Phoneutria, the ‘Australian funnel-web spiders’ of the sub-family 

Atracine, and the ‘brown spiders’ of the Sicariidae spider family.  This dissertation will 

focus on unique toxins from the venom glands of different species from the Sicariidae 

family.  These toxins are considered medically significant to human health and the 

research outlined here may foster the development of a treatment for the disease state 

caused by accidental contact with spiders.  

The Sicariidae spiders and their impacts on human health.  

 The Sicariids, (from the Latin word sicarii or ‘dagger-wielders’), are a family of 

six-eyed spiders composed of the genera Loxosceles and Sicarius.  Of the two genera, 

Loxosceles is better studied and the disease state caused by accidental envenomation by 

these spiders is colloquially referred to as ‘loxoscelism’ (13-17).  Loxoscelism manifests 

as two forms: cutaneous and systemic (16).  Cutaneous loxoscelism results when venom 

reaches the subdermal layer of skin causing dermonecrosis and ulcer formation.  

Cutaneous loxoscelism is the most common form, as brown spiders are small (8-15 mm) 

and their fangs often can only penetrate the top layers of the dermis in humans.  

Occasionally, systemic loxoscelism can occur where the venom enters the blood stream.  
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This is considered a far more serious complication, as renal failure, haemolysis, 

circulatory shock, and even death have been well documented as consequences (18, 19).  

Loxoscelism is often misdiagnosed (10, 12, 20, 21), and therefore reported 

envenomations may be exaggerated.  However, accidents with these spiders do occur and 

are a significant public health issue. With its tropical climate and large urban 

development, Brazil has more documented causes of loxoscelism than any other country.  

Between 2001 and 2012, there were 91,820 reported cases of loxoscelism, of those cases, 

47 resulted in death (17).  Understanding the mechanistic details of Loxosceles 

envenomation and the pathology that follows is imperative for the development of 

appropriate therapies and diagnosis.  

 The Loxosceles genus is more diverse in species than the Sicarius genus, and 

within Loxosceles, the New World species cause most of the reported bites.  However, 

there have been reports of loxoscelism caused by bites from Old World Sicarius species 

(22-24).  Envenomation by a New World Sicarius species is rarer, and there is only a 

single known report of loxoscelism from such a spider (25).  A potential reason for this 

rarity is that New and Old World Sicarius species have different biochemical profiles of 

their venom (26); yet the venoms of New World Sicarius species have received minimal 

study and potential dangers to human health are currently unknown.  Interestingly, spider 

envenomation causing a disease state with a similar pathophysiology to that of 

loxoscelism has not been reported outside of the Sicariidae spider family.  
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Part 2: The phospholipase D toxins of the Sicariidae spiders 

An overview of Sicariidae venom  

Many different biological toxins have been isolated from the venom cocktail of 

Sicariidae spiders, including a variety of sulfated nucleosides (27), hyaluronidases (28, 

29), low molecular weight insecticidal toxins (30), serine-proteases (31), phospholipase 

D enzymes (32, 33) and many others (34).  Among these, the phospholipase D (PLD) 

toxins are the most important to human health.  This importance is due to the observation 

that PLD toxins, when isolated and purified from whole venom or produced by 

recombinant methods, can reproduce the dermonecrotic disease state when injected into 

appropriate animal models (35-43).  

 The Sicariidae PLD toxins were first isolated and characterized by screening for a 

‘hemolysin’ component of L. reclusa venom, which causes lysis of erythrocytes in blood 

after whole venom is administered (33).  Analysis of sheep cell plasma membrane after 

whole venom and purified ‘hemolysin’ was added revealed that sphingomyelin (SM) was 

used as a substrate by the purified toxin, but not phosphatidylcholine (PC) or other major 

plasma membrane phospholipids (Figure 1-1).  Choline detection assays (Figure 1-2) 

further showed that these toxins release choline from SM (33, 44).  Thus, these toxins are 

‘type D’ phospholipases and lysis of SM is proposed to generate two products: a choline 

headgroup and a ceramide-1-phosphate (C1P) product formed via a hydrolytic step (33, 

45-47).  This finding led to the classical name of these toxins as sphingomyelinase D 

(SMase D) enzymes.  Further studies revealed that these enzyme toxins can also utilize 
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lyso-phosphatidylcholine (LPC) (44, 48).  One study (Figure 1-3) has demonstrated that 

a PLD toxin from L. reclusa can turn over a variety of lyso-glycerophospholipid 

substrates (49).  Given the promiscuity of this gene family, the name ‘SMase D’ is too 

limiting and I will henceforth refer to them as PLD toxins.  
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Figure 1-1: Major phospholipids of mammalian blood cells. Of these, only SM and 

LPC were apparent substrates for the ‘hemolysin’ component of L. reclusa venom, as 

determined by the Campbell group (33, 50). The leaving group, choline, is marked in red 

and is a result of lysis of the scissile phosphodiester bond by PLD activity.  
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Figure 1-2: The enzyme-linked reaction pathway for commercially available choline 
detecting assay kits. In this assay, SMase D activity is measured by the release of 
choline from sphingomyelin (SM). Choline is then oxidized by choline oxidase to release 
hydrogen peroxide. Hydrogen peroxide reacts with horseradish peroxidase and the 
reagent Amplex Red to give the product resorufin, which fluoresces at 590 nm.  The 
other product of SM lysis is commonly assumed to be ceramide 1-phosphate (C1P), 
formed via a hydrolysis by Smase D. However, C1P is not detected by this assay and 
other techniques are needed to characterize and detect the phosphorus-containing 
product. 
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Figure 1-3: Enzyme promiscuity in the SicTox enzyme αIA1 from L. reclusa. This 
figure summarizes the conclusions of the work of Lee and Lynch (49).  Shown in red is 
the alcohol leaving group released by the phospholipase D activity of the toxin. Note that 
a free hydroxyl group is present in all known substrates tested. Acronyms: SM: 
sphingomyelin, LPC: lysophosphatidylcholine, LPG: lysophosphatidylglycerol, LPS: 
lysophosphatidylserine, LPI: lysophosphatidylinositol, LPAF: lyso-platelet activating 
factor, LBPA: lyso-bis phosphatidic acid , LPE: lysophosphatidylethanolamine, PC: 
phosphatidylcholine, PAF: platelet activating factor.  
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The evolutionary history of the PLD toxins 

 The PLD toxins of the Sicariidae spiders have diversified among the two genera 

and form a gene family known as ‘SicTox’ (51).  Given the variety of SicTox PLDs 

isolated to date from the Sicariids, but no other haplogyne spiders, it has been suggested 

that these toxins originated in the ancestors of the Sicariids (52).  Structural and sequence 

analysis has established that the SicTox PLD toxins share an evolutionary history with 

the glycerophosphodiester phosphodiesterases (GDPD) (46, 53-55), a family of 

hydrolases involved in glycerol metabolism (56).  GDPDs are housekeeping proteins that 

cleave glycerophosphodiesters to yield an alcohol and a monoester glycerol phosphate 

(57).  It is currently believed that a GDPD gene was recruited for toxin activity, but it is 

not clear if this gene recruitment event occurred first in spiders or if multiple recruitment 

events occurred in the course of evolutionary history (58).  PLD homologs occur 

sporadically in nature, and the evolutionary origins of the SicTox PLD family has been 

difficult to analyze due to limited sequence data.  Using distant homology detection, 

recent reports have suggested that PLD toxins do exist in other Aranae species (59), 

though the exact nature and purpose of these proteins is currently unknown.  Within the 

arachnids, homologs of this toxin have been found and characterized, specifically in 

scorpion venom (60) and in tick saliva (61).  Peculiarly, fungal homologs have also been 

detected (58, 59).  It is currently unknown what functions the other eukaryotic PLD 

homologs are serving. 

Besides arachnids and a few fungal species, distant SicTox PLD homologs have 

been isolated from certain pathogenic bacteria.  Like the toxins from Sicariidaes, the PLD 

genes from these bacteria have a toxic function and appear to play a pivotal role in the 
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pathogenicity of certain bacterial species (32, 62, 63).  The PLD toxins of the bacterial 

order Actinomycetales (specifically the Corynebacterium (64) and Arcanobacterium (65, 

66) genera) share low sequence similarity with the Sicariidae PLDs (54), but many 

similarities exist including similar molecular weight, isoelectric point (32, 62), enzymatic 

properties (48), similar immunological profiles (67), and a highly conserved C-terminal 

plug motif (55), which has been called a structural synapomorphy (i.e. a shared trait 

among the PLD toxins that is not present in the ancestors of the toxins).  The relatedness 

between the two protein families led to the proposal that a shared evolutionary history 

exists in which an ancient lateral gene transfer (LGT) event between the arachnids and 

the bacteria occurred (55) followed by divergent evolution.  This is very remarkable in 

light of the fact that the spider PLD gene structure has five introns (54), making it the 

only venom toxin known to contain introns.  

LGT between the spider and bacteria has been questioned in light of the clear 

similarity between the fungal homologs and the bacterial toxins vs. the arachnid toxins.  

As argued, if LGT did occur, then phylogenetic analysis would nest the bacterial and 

spider sequences together (58, 59), indicating a shared evolutionary history.  However, 

LGT could very well have occurred if the event was very ancient and sequences diverged 

significantly between the arachnids and the bacterial PLDs.  Other evolutionary 

alternatives are that multiple gene transfer events could have occurred between the 

eukaryotes and prokaryotes, that PLD toxins arose independently in multiple lineages and 

convergent evolution resulted in the shared characteristics observed, or that massive gene 

loss occurred throughout evolutionary history.  The latter is extremely unlikely given that 

PLD homologs have only been found sporadically in Nature.  If multiple toxin 
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recruitment events have occurred in Nature, then this would be extremely unique in that a 

highly conserved C-terminal plug motif evolved independently in the fungi, bacterial, and 

arachnid lineages.  Thus, LGT remains a valid hypothesis to explain the unique 

taxonomic distance between these toxins.   

 The fitness advantage that the PLD toxins give to all these different organisms is 

still unclear and warrants further investigation.  Similar pathologies have been observed 

in mammalian systems following either Loxosceles envenomation or Corynebacterium 

infection (62, 68) and both PLD toxins elicit similar immunogenic responses in vivo (67).  

Therefore, the PLD toxins probably perform similar functions in the generation of a 

disease state in mammalian systems.  Investigation into the mechanistic details of these 

enzymes may lead to effective treatments for these seemingly unrelated diseases.  

The SicTox gene family and phenotypic differences 

 The known SicTox gene family was assembled from multiple mRNA transcripts 

from the venom glands of 21 different Sicariidae species.  Phylogenetic analysis of these 

sequences established the existence of two clades: α and β (51).  Most α clade genes 

were isolated from New World Loxosceles species, while members of the β clade were 

predominantly isolated from both New and Old World Sicarius species.  However, 

certain New World Loxosceles species contain isoforms from both α and β clades and 

some of these isoforms have been characterized biochemically (Figure 1-4).  Given their 

historical depiction as SMase D enzymes, SicTox PLD toxins isolated from whole 

venom, or expressed recombinantly from isolated mRNA transcripts, are often first tested 

for their ability to release choline from SM.  Commercially available kits (Figure 1-2) 



	   22	  

allow easy SMase D screening.  Nearly all known α clade PLD toxins tested by such 

methods exhibit strong SMase D activity (Figure 1-4).  

A few PLD homologs isolated from New World Loxosceles species demonstrate 

reduced or no SMase D activity as well as reduced dermonecrotic activity in animal 

models (40-42, 69, 70).  All of these non-SMase D SicTox toxins are from the βI 

subclade (Figure 1-4).  Multiple isoforms from just the βI subclade have been isolated 

from New World Sicarius species and whole venom assays from these species exhibit 

diminished SMase D activity compared to Old World Sicarius and Loxosceles species 

(26, 51).  Given their presence in venom and their conservation of key catalytic residues 

deemed necessary for activity (46, 71), it is unlikely that the βI toxins are simply inactive 

enzymes.  Very little work has been done on the SicTox PLDs from New World Sicarius 

species, but venom from S. ornatus, a Brazilian species, can induce haemolysis of human 

erythrocytes (25).  This activity could result from an unknown New World Sicarius α 

clade member, or background SMase D activity by the βI toxins.  Alternatively, the βI 

toxins could be acting upon an as yet unknown physiological target.  Enzymatic 

characterization of β clade toxins would help to establish their phospholipid substrates 

and help explain their mammalian toxicity.  Identification of an enzymatic target of the β 

clade toxins would also help clarify the evolutionary history of the SicTox gene family 

and the loss of SMase D activity in the βI clade. 
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Figure 1-4: Simplified cladogram of SicTox gene products that have been 
biochemically characterized.  Organization based on a previously reported phylogeny 
(51). Toxins from this work are highlighted in purple and come from the spiders shown. 
The tree includes only SicTox gene products that have been tested for PLD activity 
following isolation from whole venom or purification from recombinant sources. The 
ingroup includes two major clades (α and β) and IsSMase from Ixodes scapularis is 
included as an outgroup.  Homologs with >95% sequence identity are considered 
isoforms and grouped under the same name.  Names follow the SicTox nomenclature 
(51) but alternative names previously appearing in the literature are also given.  Branch 
colors correspond to species groups as previously presented (51): Red: L. reclusa, Green: 
L. spacdicea, Purple: L. gaucho, Blue: L. laeta, and Pink: South America Sicarius 
species. PDB codes are given for known protein structures.  All SMase D activity is 
compared to whole venom (at the same protein amount) of the host species from which 
the toxin was isolated from, except St_β1B1i, which is characterized here.  All known β1 
clade toxins prior to this work exhibit diminished or no SMase activity.  In the case of 
β1A1 (SMase II) from L. laeta, SMase D activity has been observed, but with a threefold 
higher KM and reported twofold lower reaction rate at saturating substrate concentration 
compared to αIII1 (SMase I) from the same species.   
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References for Figure 1-4: IsSMase (61)  

α clade:  LiRecDT6 (39), LiRecDT7 (35), SMase I (41, 46-48, 53, 72, 73), Ll2 (41), 
LiRecDT4 (40), LgRec1 (74), Lr1/Lb1/Lb2 (41, 70), L. arizonica αIB2bi (75, 76), Lr2 
(49, 70), P1/P2 (77-79), LiRecDT1 (37, 38, 42, 43, 80, 81), 3RLG (82), 3RLH (71), 
LiRecDT2 (42) 

β clade: LiRecDT5 (40), Lb3 (41, 70), LiRecDT3 (42, 83), SMase II (69).  

Characterization of S. terrosus βIB1i and L. arizonica βID1 are presented here.  
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Part 3: Previous biochemical characterization of Sicariidae PLD toxins 

Previous structural work on SicTox PLDs  

 There are four reported SicTox PLD structures of toxins from two South 

American Loxosceles species (Figure 1-4).  The first structural report came from 

Murakami et al. in 2005 (PDB: 1XX1) and was of SMase I (SicTox name: αIII1i) from 

L. laeta (47).  This structure helped to establish that the SicTox toxins adopt an (α/β)8 

barrel fold and contain a catalytic loop near the active site which is highly flexible but 

stabilized by a disulfide bond.  A sulfate ion, which was a byproduct of crystallization 

conditions, was observed in the active site of SMase I and proposed to mimic a bound 

phosphate ion given its placement between two catalytically essential histidine residues. 

This finding led to the proposal of a catalytic mechanism for a SicTox PLD (Figure 1-

5A).  In the first step, His12 acts as a nucleophile on the phosphodiester forming a 

pentacoordinate phosphorus intermediate, which breaks down to release choline; in the 

second step, the covalent adduct is hydrolyzed, releasing a monoester phosphate product.  

A year later, the same group published the structure of SMase I without a sulfate ligand 

bound (46).  Based upon the placement of the catalytic histidines within the structures, 

and the solvation state of the active site, Murakami et al. revised this ‘ping-pong’ 

mechanism to propose that His47, not His12, acts as the nucleophile (Figure 1-5A).  

With either His12 or His47 as the nucleophile, a pentacoordinate phospho-intermediate 

between the substrate molecule and the enzyme is formed, freeing the alcohol head group 

in the first step.  In the second step, water is activated by His12 to hydrolyze the covalent 

adduct.  
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Figure 1-5: A comparison of two different phosphodiesterase catalytic mechanisms. 
A) The SicTox PLD catalytic mechanism for LPC lysis as proposed by Murakami and 
coworkers (45-47).  In this reaction, His 47 functions as a nucleophile and attacks the 
scissile phosphodiester bond forming a penta-coordinated phospho-enzyme intermediate.  
Collapse of the adduct is accompanied by protonation of the choline leaving group by His 
12, which acts as a general acid.  In the second step, water is deprotonated and is used as 
a nucleophile to generate a second penta-coordinated covalent intermediate.  
Rearrangement here releases the monoester LPA product and regenerates the His 47 
nucleophile.  All chemistry is performed on the phosphate moiety and the free hydroxyl 
on the glycerol backbone plays no catalytic role.  B) The catalytic mechanism proposed 
by Shi et al. (84) for a glycerol-phosphodiesester phosphodiesterase (GDPD) with a 
glycerophosphocholine substrate.  GDPDs share an evolutionary history with the SicTox 
PLDs and conserve two catalytic essential His residues, a magnesium cofactor, and a 
global fold.  In the first reaction, His 17 acts as a general base and deprotonates the 2’- 
hydroxyl on the glycerol moiety.  This forms an intramolecular nucleophile which 
performs an in-line attack on the phosphorus.  Simultaneously, His 59 acts as a general 
acid and donates a proton to the leaving group, i.e. choline.  In the second reaction, His 
59 deprotonates water, initiating a nucleophilic attack on the phosphorus.  His 17 now 
acts as general acid and donates a proton to form the monoester product.  
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 In 2011, de Giuseppe et al. reported the structure of LiRecDT1 (αIA1a) from L. 

intermedia (PDB: 3RLH) as well as that of an inactive H12A variant (PDB: 3RLG) (71, 

82).  This structure also adopts the canonical TIM barrel/ (α/β)8 fold, yet contains an 

extra disulfide bond that links the highly flexible catalytic hairpin loop to the rest of the 

protein.  The presence or absence of this second disulfide bond led to the establishment of 

a ‘class system’ for the SicTox PLDs (46).  Class I toxins are those that contain one 

disulfide bond and have SMase D activity, represented by the L. laeta structure.  Class IIa 

toxins have two disulfide bonds and also exhibit SMase D activity, represented by the L. 

intermedia structure.  Class IIb toxins have the same disulfide connectivity as the class 

IIa, yet do not exhibit SMase D activity.  All known class IIb enzymes are a part of the βI 

clade (Figure 1-4).  Amino acid sequence analysis does not readily explain the lack of 

SMase D activity, as there is a strong conservation of key active site residues between the 

two forms (46). 

 Catalytically essential residues are nearly superimposable between all the known 

SicTox PLD structures.  This is also observed with known structures of GDPDs, which 

are distantly related to the SicTox PLDs (46, 55).  Despite the conservation of active site 

residues, similar reaction chemistry, and shared evolutionary history, the catalytic 

mechanisms proposed for phosphodiester lysis by GDPD and by SicTox PLDs are 

remarkably different.  Based upon structural work of a GDPD from Thermoanaerobacter 

tengcongensis, an anaerobic and thermophilic bacterium, a mechanism was proposed (84) 

in which deprotonation of the 2’-hydroxyl of glycerol by a conserved His forms an 

internal nucleophile, which attacks the phosphate in an SN2 reaction, forming a cyclic 

phosphate intermediate and releasing an alcohol leaving group (Figure 1-5B).  In the 
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second step of this reaction, deprotonation of a water molecule generates a second 

nucleophile to form the monoester glycerophosphate product.  Previous mechanisms 

proposed for the SicTox PLD toxins (45-47) do not utilize an intramolecular nucleophile 

in the catalytic mechanism (Figure 1-5A).  As previously stated, all known substrates of 

the SicTox PLD enzymes (Figure 1-3) contain a free hydroxyl group (33, 48, 49), and 

turnover of LPC but not PC (Figure 1-1) is well documented (44, 80).  While the free 

hydroxyl requirement has been noted (49), the free hydroxyl was believed to be involved 

in substrate binding and recognition by the PLD toxins, rather than catalysis (85). 

 Given the relationships between the GDPD and SicTox PLD families, it is 

plausible that a reaction mechanism has been conserved as GDPD enzymes were 

recruited for toxin activity.  If this is the case, and given the shared chemical structure of 

LPC and glycerophosphoryl choline, one would expect a cyclic intermediate to be formed 

during LPC lysis by a SicTox PLD.  In fact, lysis of LPC through cyclization chemistry, 

generating a cyclic phosphate intermediate, has been reported for other PLD enzymes 

(86).  

Previous enzymatic characterization of the SicTox PLD toxins   

The first demonstration that brown recluse venom contained SMase D activity 

came from the lab of Benedict Campbell in 1978 (33).  This work showed parallel SMase 

D and hemolysin activities from a venom product of the brown recluse spider (Loxosceles 

reclusa).  Approximately 500 spiders were collected in Missouri, from which venom was 

collected by electrostimulation of the venom glands as well as from sacrificed animals.  

Using size exclusion chromatography and ultracentrifugation purification, the authors 
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purified a ‘lysin’ venom component which ‘digested’ sheep red blood cells (RBC).  

Assuming a mechanical lysis of the plasma membrane by the toxin on the RBC, the 

authors subjected the enzyme to phospholipid membranes organically extracted from 

sheep cells.  Two dimensional thin layer chromatography (TLC) was employed, in which 

lipid products were detected by exposure to iodine and their Rf values measured and 

compared to a control lacking enzyme.  The authors observed a complete loss of SM in 

plasma membrane preparations that had been treated with partially purified ‘lysin.’  

Continued investigations with the lysin enzyme established that the enzyme lysed SM but 

not phosphatidylcholine (PC), and the breakdown of SM resulted in the release of a 

product with the characteristics of choline, but not phosphorylcholine.  Thus, the lack of 

phosphorylcholine release indicated that the lysin was not a phospholipase C enzyme, but 

a phospholipase D (87).  This finding and the preference of the lysin for SM generated 

the name ‘sphingomyelinase D’ or SMase D.  Lysis of SM by SMase D generated choline 

and ‘a phosphate-containing phospholipid which has the solubility and chromatographic 

characteristics of ceramide 1-phosphate’ (C1P).  Therefore, a hydrolysis reaction was 

proposed to account for the product release of C1P and choline.  

  The Campbell group continued investigations using purified SMase D and in 

1981 (50) became the first to report PLD activity against LPC using 14C-labeled LPC, as 

well as to demonstrate that SMase D can lead to platelet activation.  In this report, four 

purified SMase D isoforms from Loxosceles reclusa venom were incubated with 14C-

labeled LPC for 1 hr at 37°C, after which the reactions were quenched by boiling for 60 

s. The reaction mixtures were then spotted onto silica-gel plates for TLC analysis.  
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Substrate (LPC) and the hypothesized product (LPA) were resolvable, yielding distinct Rf 

values.  Analogous results were observed with SM and the reported product C1P.  

Other researchers have used TLC to measure SMase D activity by toxins purified 

from other Loxosceles species (79).  Not until 2002 was a different method of measuring 

SMase D activity reported using heterologously expressed PLD toxins from both L. laeta 

(73) and L. intermedia (67) against the substrate analog N-trinitrophenyl aminolauryl 

sphingomyelin (TNPAL-SM).  TNPAL-SM contains a terminal trinitrophenyl group.  

The premise of the assay is that the TNPAL moiety is buried within hydrophobic micelles 

formed by the SM analogs.  Upon treatment with enzyme, the micelle integrity is 

disrupted, releasing TNPAL into the aqueous environment where the compound/product 

can be detected spectrophotometrically.  This assay was originally designed for use with 

SMase C enzymes, as hydrolysis of TNPAL-SM would generate a TNPAL-ceramide 

product from the zwitterion phosphoryl choline substrate (88).  TNPAL-ceramide would 

be less water soluble without the charged headgroup, thus giving a stronger signal. The 

use of TNPAL-SM to measure SMase D activity, which would generate a choline and 

phosphoceramide, remains in question, as it is not apparent whether TNPAL-

phosphoceramide would be as readily detected spectrophotometrically as TNPAL-

ceramide.  Despite these concerns, TNPAL-SM is still being utilized to characterize PLD 

toxins recovered from venom (60). 

Previous work with C1P has established this molecule as a known inhibitor of 

apoptosis, a regulator of inflammation, and a signaling molecule with known mitogenic 

properties (89, 90).  Therefore, it is not clear how C1P formation would trigger 

loxoscelism given its presence in human tissue and its potential beneficial properties (91).  
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Since PLD toxin elicits a variety of pathological effects, then perhaps another signaling 

molecule is being made to trigger these effects.  Lysophosphatidic acid (LPA), which is 

the monoester product of PLD hydrolysis on LPC, is in fact a known signaling molecule 

involved in a wide variety of signaling pathways (92).  To establish that LPA is being 

generated by the SicTox PLD toxins, and that production of the molecule could lead to 

downstream signaling effects, a novel cellular assay was developed by van Meeteren et 

al. to measure LPA release directly (48).  The assay takes advantage of human LPA1 

receptor protein (LPAR1), which is a G protein-coupled receptor that utilizes LPA for 

cell signaling (93).  A chimera of LPAR1 and green fluorescent protein (GFP) was 

expressed in human HEK293 and rat B103 cell lines, with the intention that ligand 

binding of LPA to LPAR1 would yield a fluorescence signal in vivo.  Albumin bound 

LPC was then subjected to treatment with SMase I toxin from L. laeta.  The product of 

this lysis was then incubated with the cells and fluorescent signal was attributed to LPA 

binding to LPAR1.  Because LPA is a known signaling molecule, the disease state of 

envenomation could be triggered by generation of LPA from LPC bound to exogenous 

albumin in human serum.   

Interest in the production of LPA as a signaling molecule to trigger loxoscelism 

prompted interest in examining SicTox PLD substrate ambiguity.  In 2005, Lee and 

Lynch screened a large variety of phospholipid substrates against a SicTox PLD (αIB1) 

from L. reclusa (49).  To characterize PLD activity against the phospholipid substrates 

SM, LPC and lyso-platelet activating factor (LPAF), a choline detection assay was used. 

However, for phospholipid substrates with alternative head groups from choline, a 

colorimetric assay to detect LPA release was used (94).  The major principles of this 
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enzyme-linked assay are as follows: a PLD hydrolyzes a lysophospholipid to the 

monoester phosphate LPA and releases an alcohol in the process.  After an allotted 

incubation time, other reactants are added.  First, lysophospholipase B (LPLB) 

hydrolyzes the LPA product to a free fatty acid and glycerol 3-phosphate (G3P).  G3P is 

then converted by G3P oxidase (G3PO) to dihydroxyacetone phosphate and hydrogen 

peroxide.  Hydrogen peroxide then reacts with a peroxidase and a supplied reagent to 

release a product with a colorimetric signal.  The dihydroxyacetone phosphate (DHAP) is 

then reduced back to G3P by G3P hydrogenase, thus entering an enzymatic cycle and 

amplifying the LPA detection signal.  In principle, this enzyme-linked assay indirectly 

detects LPA release as turnover by LPLB is the first step in the enzyme pathway.  

However, LPLB from Vibrio parahaemolyticus (the commercially available enzyme used 

in these studies) is actually a promiscuous enzyme and can utilize a variety of 

lysophospholipid substrates, including LPC and LPE (95, 96).  Thus, specificity of the 

assay for LPA product release (over substrate) comes from the second step in which G3P 

is utilized by G3PO, and G3PO is able to distinguish between G3P and a glycerol 

phosphodiester like GPC. 

A surprising finding by Lee and Lynch (49) is that cyclic phosphatidic acid (CPA) 

gives a large signal in this assay when treated with PLD.  The authors attributed this 

finding to hydrolytic activity of PLD toxin in converting CPA to LPA product.  CPA is a 

5-membered phosphate ring bridging the 1st and 2nd hydroxyl groups of the glycerol 

backbone.  In order for LPA to be detected by this assay, CPA has to undergo a 

hydrolytic step in which phosphate ring opening occurs and the glycerol moiety is 

restored.  Once LPA is made, detection by LPLB can occur.   
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The use of NMR to characterize toxins in Loxosceles venom 

There have been only four literature reports of using NMR to analyze the 

structure and/or function of biomolecules of the venom of Sicariidae spiders. Loening et 

al. solved the solution structure of two low molecular weight peptides of unknown 

function from Sicarius dolichocephalus (97).  The work of Schroeder et al. utilized 1H-

NMR to characterize a wide variety of sulfated nucleosides that exist in the venom L. 

arizonica, L. reclusa, and L. deserta (27).  The functions of these organic molecules are 

currently unknown.  The use of 31P-NMR to measure SMase D activity in whole venom 

and with purified SicTox PLD toxins has been reported twice by Merchant et al. (98, 99). 

These reports, however, were largely limited to monitoring SM decay, and other potential 

phospholipid substrates were not assayed. 31P-NMR is an established method of assaying 

phospholipase activity (100), and its utility in screening a variety of phospholipid 

substrates against the SicTox PLD toxins is the inspiration for this dissertation.  

Part 4: Goals, organization and content of the rest of the dissertation. 

 The work of Lee and Lynch (49) suggested that PLD isoforms of the SicTox gene 

family may have promiscuous activity against a wide variety of phospholipids with 

different head groups.  The work of Binford et al. (51) uncovered 168 nonredundant 

amino acid sequences encoding SicTox PLD enzymes from 21 different Sicariidae 

species.  Of these, only 20 isoforms (of known sequence) have been biochemically 

characterized in any way (Figure 1-4).  Enzymatic characterization has largely been 

limited to choline detection assays (Figure 1-2), usually from the substrates LPC and 

SM.  The etiology of loxoscelism is currently poorly understood (13, 15, 16, 19) therefore 
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it is plausible that the SicTox PLD toxins may be enzymatically active on unknown 

substrates in vivo.  In addition, SicTox PLD toxins of the βI clade that have been 

characterized (Figure 1-4) demonstrate significantly reduced or no SMase D activity as 

well as reduced toxicity in animal models (40-42, 69, 70, 83).  

The unknown substrate preference of the βI clade, as well as the suggestion that 

some SicTox isoforms may be promiscuous enzymes, prompted the two initial goals of 

this dissertation:  1) to develop an efficient PLD assay to characterize the enzymatic 

function of a wide variety of SicTox PLD toxins against a wide panel of substrates; 2) to 

further investigate which residues dictate substrate recognition by these enzymes.  

Knowledge of ligand binding by these enzymes would be beneficial in the development 

of a potential drug to treat loxoscelism.  Chapter 2 focuses on the development of 31P-

NMR techniques as a means to measure phospholipase activity by the SicTox PLD toxins 

against diverse substrates.  In developing the assay, I observed that the SicTox PLD 

toxins do not catalyze the suspected hydrolysis reaction and do not generate the putative 

phosphomonoester product, but instead cyclize the substrate. In this chapter, I will 

describe characterization of this new chemistry and product in addition to assay 

development.  In Chapter 3, I utilize 31P-NMR techniques to screen a variety of 

phospholipid targets against three diverse PLD toxins from across the SicTox gene 

family.  The results strongly suggest that βI clade toxins with minimal SMase D activity 

may be specific for ethanolamine-containing phospholipid substrates.  To understand this 

substrate preference, I solved a X-ray crystal structure of βIB1i from S. terrosus 

(St_βIB1i).  In Chapter 4, I will present the enzymatic characterization of a PLD toxin 

from a pathogenic prokaryote, Arcanobacterium haemolyticum, utilizing the techniques 
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developed in Chapter 2. This bacterial PLD toxin shares distant homology with the 

SicTox PLD toxins, yet catalyzes the same cyclization chemistry.  Chapter 5 contains a 

discussion of how the reaction chemistry observed in all the PLD toxins may trigger a 

disease state as well as comments on future work needed in this field.  

Chapter 2: Discovery that phospholipase D toxins catalyze cyclic phosphodiester 
formation 

Chapter 2 presents the enzymatic characterization of SicTox PLD toxin αIB2bi 

from Loxosceles arizonica (La_αIB2bi), a species known to cause loxoscelism (18).  

αIB2bi was successfully cloned, expressed heterologously in E. coli, and purified by Ni 

affinity chromatography. La_αIB2bi demonstrated PLD activity against SM and LPC as 

determined by choline detection assays and in agreement with previous results (76).  

31P-‐NMR methods to screen La_αIB2bi against other phospholipid targets were 

developed and optimized.  In developing the 31P-‐NMR assay, we noticed that La_αIB2bi 

did not generate the product LPA previously reported from lysis of LPC (48); nor did 

La_αIB2bi create the product C1P previously reported from lysis of SM (45).  This was 

established with two techniques: 31P-‐NMR and LC-MS and LC-MS/MS.  With 31P-‐NMR, 

product release did not yield a resonance consistent with the monoester product.  Instead, 

a far downfield resonance was observed with LPC lysis, indicative of 5-membered ring 

cyclic phosphate, and an upfield resonance was observed with SM lysis, indicative of a 6-

membered ring cyclic phosphate (101).  LC-MS and LC-MS/MS confirmed that 

cyclization chemistry was being performed, as the m/z of the product agreed with that of 

a cyclic product.  To address whether our finding might be an artifact of heterologous 

expression in a bacterial host, an inactive H47N variant of La_αIB2bi was utilized as a 

negative control.  The H47N variant showed no detectable PLD activity, showing that 
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background activity from bacterial proteins was not responsible for the observed 

cyclization reaction (49).  This finding led us to wonder if cyclization chemistry would 

also be displayed by whole venom and whether it is a universal trait of the SicTox gene 

family.  We therefore assayed whole venom from three geographically dispersed 

Loxosceles species against LPC and SM.  As with the recombinant enzyme, venom 

treatment produces only cyclic phosphate products.  Generation of this cyclic phosphate 

product can only be the result of a transphosphatidylation reaction involving a free 

hydroxyl as an intramolecular nucleophile, in contrast to previously reported mechanisms 

of a hydrolytic reaction via a ‘ping-pong’ mechanism (46, 47).  Thus, the work in Chapter 

2 demonstrates that the SicTox toxins exclusively form cyclic phosphate products, at 

least under our assay conditions.  The requirement that the substrate contain a free 

hydroxyl limits which endogenous phospholipids could act as substrates in vitro and in 

vivo.  

Chapter 3: Observation of diverse substrate specificity among the SicTox PLD 
toxins 

Chapter 3 compares the substrate specificity of La_αIB2bi to those of two novel 

βI clade toxins.  The first βI clade toxin is La_βID1 from L. arizonica and provides for an 

intraspecific comparison of two SicTox PLDs from the venome of the same species.  The 

second βI clade toxin is St_βIB1i from S. terrosus, which shares over 60% sequence 

identity with other known βI clade enzymes that demonstrate reduced SMase D activity 

(Figure 1-4).  Using 31P-‐NMR methods developed in Chapter 2, I screened the SicTox 

PLD toxins against a variety of lyso- and ceramide containing phospholipid substrates, all 

of which contain a free hydroxyl group.  Strikingly, the St_βIB1i strongly prefers 

ethanolamine containing phospholipid substrates while La_αIB2bi somewhat less 
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strongly prefers choline containing substrates.  Turnover of ceramide containing 

phospholipids is faster than lysolipid substrates.  My results suggest that St_βIB1i may be 

a highly specific toxin for ceramide phosphoethanolamine (CPE), which is a major 

phospholipid component of the nervous system of certain insects (102-104).   

Given the position of La_βID1 in the βI clade and close relationship to 

LiRecDT5, an isoform with reported diminished SMase D activity (40) (Figure 1-4), I 

hypothesized that La_βID1 would also be specific for CPE.  However, La_βID1 

exhibited nearly equal activity toward both ethanolamine and choline containing 

substrates.  Thus, some SicTox toxins are promiscuous toward these two headgroups. 

The work described in Chapter 3 is the first demonstration of large-‐scale 

differences in substrate specificity among the SicTox enzymes, and suggests that 

alternate headgroup specificity is a major reason for the lack of SMase D activity 

observed previously among certain SicTox homologs.  The work also shows that the 

SicTox enzymes are not simply broad spectrum phospholipase D enzymes, but may be 

specialized for particular substrates. 

 To probe the basis of the novel substrate specificity of St_βIB1i, I determined its 

X-ray crystal structure to a resolution of 2.14 Å.  This structure is the first β clade SicTox 

PLD toxin to be reported, as well as the first PLD toxin structure from a Sicarius species.  

To my knowledge, it is also the first report of a structure of any PLD enzyme with a 

strong preference for ethanolamine-containing substrates.  Structural superposition of 

St_βIB1i with two other SicTox proteins, both belonging to the α clade, shows 

remarkable conservation of active site residues with minimal differences in residue 



	   39	  

placement and/or conformation.  Nonetheless, using sequence data, in silico docking, and 

previous literature reports, we identified numerous residues as potential determinants of 

differential substrate specificity.  Mutagenesis of these residues, however, did not cause a 

reversal in substrate preference by St_βIB1i.  The sequence determinants of substrate 

selectivity for ethanolamine over choline head groups remain unknown. 

Chapter 4: Distant PLD toxin homologs also generate cyclic phosphate products 

Chapter 4 describes the preliminary enzymatic characterization of a related PLD 

toxin from Arcanobacterium haemolyticum, a bacterial species known for its hemolytic 

properties on human blood upon infection and associated skin manifestations (105).  A. 

haemolyticum infection also accounts for about 5% of all reported cases of non-

streptococcal pharyngitis (106).  The Arcanobacteria belong to the bacterial order 

Actinomycetales, which also contains the Corynebacterineae family.  The Arcanobacteria 

and the Corynebacteria are unique in that both have PLD toxins thought to be involved in 

pathogenesis in mammalian tissue (48, 55, 58, 59, 62, 65, 67, 68, 87, 105, 107-116)   

Interestingly, these PLD toxins share a distant homology with the SicTox PLD toxins 

(68).  However, there is currently a disagreement in the field on whether this homology is 

a result of convergent evolution spurred by separate recruitment events of a GDPD 

recruited for toxin activity (58, 59), or a result of lateral gene transfer (LGT) between 

Sicariidae spiders and the Actinomycetales bacteria (55).   

The discovery that the SicTox PLD toxins perform cyclization chemistry, 

presented in Chapter 2, led us to wonder if other distantly related PLD toxins also 

catalyze a similar chemistry.  We obtained a plasmid containing a gene sequence for a 
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PLD toxin (AH-PLD) previously identified and cloned from A. haemolyticum (65).  

Expression and purification of AH-PLD was performed following the techniques 

developed for the SicTox PLDs.  AH-PLD was assayed against the substrates SM and 

LPC by 31P-‐NMR.  Like the SicTox PLD enzymes, AH-PLD exclusively generates a 

cyclic product and performs a transphosphatidylation reaction.  This finding lends 

support the theory that the cyclic products generated by these toxins play a role in the 

disease state of the loxoscelism and bacterial infection.  This is also the first 

spectroscopic characterization of the phosphate product from a bacterial PLD toxin. 

Chapter 5: A current view of Loxoscelism, the Sicarius genus, and the SicTox PLD 
toxins.  
 

How loxoscelism develops following envenomation is poorly understood.  In 

Chapter 5, I will address this issue in light of the work of Chapters 2-4 as well as the 

current literature.  In both forms of loxoscelism, systemic and cutaneous, the disease state 

manifests itself approximately 24-48 h after initial envenomation.  This delay may result 

from a requirement that the complement immune system to be activated for the effects of 

loxoscelism/necrosis to ensue (117, 118).  How activation of the complement pathway is 

occurring upon SicTox PLD addition is not fully understood.  I will review both the 

current understanding of loxoscelism as well as speculate on how cyclic ceramide 

phosphates formed by SMase D activity of the SicTox toxin might activate an immune 

response in mammalian tissue and lead to loxoscelism.  
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CHAPTER TWO 

PHOSPHOLIPASE D TOXINS OF BROWN SPIDER VENOM CONVERT 

LYSOPHOSPHATIDYLCHOLINE AND SPHINGOMYELIN TO CYCLIC 

PHOSPHATES  

Overview 

Chapter 1 introduced loxoscelism, which is a disease state in mammalian tissues 

caused by envenomation by spiders of the genus Loxosceles.  Loxoscelism can result in 

hemolysis, circulatory shock, intravascular coagulation, renal failure, dermonecrosis at 

the site of envenomation, and even death (13-16, 18, 19).  The phospholipase D (PLD) 

toxins in the venom of Loxosceles are the primary agents responsible for loxoscelism, 

and PLDs purified from venom or recombinant sources elicit the full pathology of 

loxoscelism when injected into animal models (37, 67, 70).  PLD toxins from Loxosceles 

bind to mammalian cell surfaces (80) and have enzymatic activity against common 

phospholipids in mammalian tissue, including lysophosphatidylcholine (LPC) and 

sphingomyelin (SM) as presented in Chapter 1. The most common activity assay for 

these enzymes detects PLD activity by monitoring choline release from substrate (Figure 

1-2).  Liberation of choline from SM or LPC is commonly assumed to result from 

substrate hydrolysis, giving either ceramide-1-phosphate (C1P) or lysophosphatidic acid 

(LPA), respectively, as a second product (33, 44, 48, 49).  C1P and LPA are thought to 

contribute to the pathology of loxoscelism (48, 119) by some as yet undetermined 

mechanism (91) but definitive evidence for formation of these phosphate-containing 

products is lacking.  Here we use 31P NMR spectroscopy and mass spectrometry to 
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directly observe formation of the phosphate-containing products from the action of a 

recombinant Loxosceles PLD toxin, as well as diverse whole venom samples, on the 

substrates SM and LPC.  Instead of the hydrolytic products C1P and LPA, respectively, 

we observe exclusive formation of cyclic phosphate products resulting from 

intramolecular transphosphatidylation.  Thus, the work presented here surprisingly 

suggests a revision of the basic chemical reaction performed by the toxins. 

 A brief review of the previous techniques utilized to characterize enzymatic 

activity of SicTox PLD toxins is summarized in Part 3 of Chapter 1.  The work that we 

present here is at odds with previous reports that substrate turnover generates a monoester 

product via a hydrolytic reaction (33, 44-49, 117).  To place our results in context and 

consider their implications, a detailed discussion is presented in this chapter and in 

Chapter 5.   

The work presented here has been published as: Lajoie DM, Zobel-Thropp PA, Kumirov 
VK, Bandarian V, Binford GJ, Cordes MH.  Phospholipase D toxins of brown spider 
venom convert lysophosphatidylcholine and sphingomyelin to cyclic phosphates. PLoS 
ONE (2013) Aug 29;8(8):e72372 

This chapter is slightly modified version of that work. PA Zobel-Thropp and GJ Binford 
provided whole venom and La_αIB2bi in an expression vector. VK Kumirov aided in the 
design of 31P NMR experiments.  V Bandarian and DM Lajoie performed and designed 
all LS-MS characterization. All other experimental work was performed by DM Lajoie.  
Experimental design and data analysis was performed by MH Cordes, V Bandarian, and 
DM Lajoie.  The manuscript was written by DM Lajoie, MH Cordes, V Bandarian, and 
GJ Binford.  
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Results 

Lysis of palmitoyl LPC by PLD toxin La_αIB2bi from Loxosceles arizonica yields 
cyclic phosphatidic acid as the only observed phosphate-containing product 

We expressed and purified La_αIB2bi, a recombinant SicTox enzyme from L. 

arizonica (76) (Figure 2-1A) and verified activity against palmitoyl (16:0) LPC using an 

enzyme-linked colorimetric assay (Figure 2-1C) and 31P NMR (Figure 2-2B).  The 

colorimetric assay showed production of choline and the 31P NMR assay showed clear 

loss of the LPC resonance at -0.5 ppm.  As a negative control, an inactive H47N variant 

of αIB2bi did not release choline from LPC (Figure 2-1A), and did not diminish the 

substrate 31P NMR resonance.  

Despite clear consumption of substrate and formation of choline, we saw no 

evidence for formation of LPA in the 31P NMR assay.  Instead, we observed appearance 

of a weak unidentified resonance at +17.2 ppm, the intensity of which accounted for 

<10% of the lost substrate signal (Figure 2-2B).  A white precipitate also formed during 

the reaction.  Mixed micelles of commercially available palmitoyl LPC and LPA 

exhibited resonances at +3.4 ppm for LPA and did not form precipitates (Figure 2-3C).  

These results suggest that the phosphate-containing product is not LPA. 

We hypothesized that the enzyme might be catalyzing formation of a poorly 

soluble cyclic phosphate product.  Indeed, the chemical shift of the NMR-visible product 

precisely matches that of a palmitoyl cyclic phosphatidic acid standard (16:0 CPA) doped 

into LPC micelles (Figure 2-3D), and such mixed micelle samples do show precipitation.  

Moreover, ESI-MS and tandem MS/MS spectra of the enzyme reaction mixtures (Figure 

2-2D) show close matches to ions and ion fragmentation patterns seen in mass spectra of 
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16:0 CPA standards (Figure 2-2C) (120, 121).  These results confirm that 16:0 CPA is a 

product of the reaction catalyzed by La_αIB2bi with LPC as substrate.   
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Figure 2-1: Heterologous expression of La_αIB2bi proteins and assay to determine 
enzymatic activity.  A) Nonreducing SDS-PAGE analysis of purification of recombinant 
wild-type αIB2bi and an H47N variant by nickel affinity chromatography.  The labels 
refer to cleared lysate (Load), flow through (FT), wash (W1 and W2), and eluate (E1 and 
E2) fractions.  B) A colorimetric assay of the fractions from A using sphingomyelin as 
substrate.  C) the same assay as B except with palmitoyl LPC as substrate.  The assay 
detects choline release from substrate. 
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Supplementary Materials: 

 

Figure S1: Heterologous expression of αIB2bi proteins and assay to determine enzymatic 

activity. (A) Nonreducing SDS-PAGE analysis of purification of recombinant wild-type !IB2bi 

and an H47N variant by nickel affinity chromatography.  The labels refer to cleared lysate 

(Load), flow through (FT), wash (W1 and W2), and eluate (E1 and E2) fractions.  (B) A 

colorimetric assay of the fractions from (A) using sphingomyelin as substrate. (C) the same assay 

as (B) except with palmitoyl LPC as substrate.  The assay detects choline release from substrate.   
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Figure 2-2: Action of recombinant SicTox PLD enzyme La_αIB2bi on palmitoyl 
lysophosphatidylcholine (16:0 LPC). A) No palmitoyl lysophosphatidic acid (16:0 
LPA) is detected, but palmitoyl cyclic phosphatidic acid (16:0 CPA) can be detected as a 
product by NMR and confirmed by MS/MS based on known ion fragmentation patterns 
of 16:0 CPA (120, 121). B) Degradation of 16:0 LPC by SicTox enzyme La_αIB2bi as 
measured by 31P-NMR. The only observed product resonance (+17.2 ppm) is 
characteristic of a cyclic phosphate species with a five-membered ring, matches the 
chemical shift of commercially available 16:0 CPA, and is inconsistent with the chemical 
shift of 16:0 LPA (Figure 2-3). After 40 h, nearly all the LPC substrate is consumed, but 
the putative CPA resonance remains weak, presumably due to poor solubility. Trimethyl 
phosphate (TMP; 1 mM) was added as a chemical shift and concentration standard (see 
Materials and Methods). C) Mass spectrum of 16:0 CPA standard showing [M-H]- 
monomer at m/z = 391 as well as the [2M-H]− dimer at m/z = 783. Inset shows the 
MS/MS fragmentation of the m/z 391 species, yielding the daughter ions depicted in (A). 
D: Mass spectrum of extracted reaction mixture of palmitoyl LPC substrate treated with 
La_αIB2bi enzyme showing the same [M-H]- and [2M-H]- species as in (C). Inset shows 
the MS/MS fragmentation of m/z 391 which yields the same daughter ions as the 16:0 
CPA standard in (C). 
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Figure 2-3: 31P-NMR spectra of commercially available palmitoyl lysophospholipids 
in borate buffer.  A) 1-Palmitoyl-2-hydroxy-sn-glycero-3-phosphocholine (16:0 LPC, 4 
mM), the diester phosphate substrate. B) 1-palmitoyl-2-hydroxy-sn-glycero-3-phosphate 
(16:0 LPA, 4 mM), the putative monoester phosphate product from Loxosceles PLD 
toxins.  C) mixture of 16:0 LPC and 16:0 LPA (2 mM each).  D) mixture of 16:0 LPC (3 
mM) and 1-palmitoyl-sn-glycero-2,3-cyclic-phosphate (16:0 CPA, 2 mM), a mixture of 
substrate and cyclic product (see also Figure 2-2B).  Trimethyl phosphate (TMP; 1 mM) 
was added to each sample as an internal chemical shift and concentration standard. 
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Figure S2: 
31

P-NMR spectra of commercially available palmitoyl lysophospholipids in 

borate buffer. (A) 1-Palmitoyl-2-hydroxy-sn-glycero-3-phosphocholine (16:0 LPC, 4 mM), the 

diester phosphate substrate, (B) 1-palmitoyl-2-hydroxy-sn-glycero-3-phosphate (16:0 LPA, 4 

mM), the putative monoester phosphate product from Loxosceles PLD toxins, (C) mixture of 

16:0 LPC and the 16:0 LPA (2 mM each), (D) mixture of 16:0 LPC (3 mM) and 1-palmitoyl-sn-

glycero-2,3-cyclic-phosphate (16:0 CPA, 2 mM), a mixture of substrate and cyclic product (see 

also Figure 1).  Trimethyl phosphate (TMP; 1 mM) was added to each sample as an internal 

chemical shift and concentration standard. 
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La_αIB2bi toxin exclusively produces soluble CPA in high yield from short acyl 
chain LPC substrates 

Loxosceles PLD toxins can utilize lysophospholipids of various acyl chain lengths 

as substrates (49).  Thus, to improve product solubility, we repeated the 31P NMR assays 

with octanoyl (8:0) LPC, a more soluble substrate (Figure 2-4).  Under the assay 

conditions, octanoyl LPC exists as an equilibrium mixture of two isomers: 1-octanoyl-sn-

glycero-3-phosphorylcholine (LPC 1) and 2-octanoyl-sn-glycero-phosphorylcholine 

(LPC 2), with LPC 1 predominating by a factor of ~6.  Incubation of La_αIB2bi with 

octanoyl LPC led to the appearance of species with a far downfield resonance similar to 

that observed when enzyme was added to palmitoyl LPC substrate (Figure 2-2B).  With 

octanoyl LPC, however, loss of the substrate resonance is accompanied by gain of a 

comparable amount of product signal (see also Figure 2-5 for a quantitative analysis), 

and no precipitation is observed.  The chemical shift of the product (+17.9 ppm) is clearly 

inconsistent with LPA, but agrees closely with the value reported for 1-octanoyl-glycero-

2,3-cyclic-phosphate (8:0 CPA) under similar reaction conditions (86).  

We confirmed formation of 08:0 CPA by analyzing reaction mixtures with LC 

MS/MS (Figure 2-4B).  Negative ion mode-detected analysis of an aliquot of the 

substrate by reverse phase HPLC shows two peaks at 22.2 and 22.5 min, which are 

assigned to LPC 2 and LPC 1, respectively.  The ratio of the two peak areas is consistent 

with the distributions observed by NMR.  Both peaks contain a species with m/z = 442 

corresponding to a [LPC+acetate]– ion.  Samples analyzed after addition of enzyme 

exhibit a new peak with a retention time of ~23 min, the mass spectrum of which is 

dominated by two species with m/z of 279 and 559.  The m/z = 279 peak can be assigned 

to [CPA]–.  We assign the m/z = 559 species as the non-covalent [2CPA+H+]– dimer, as it 
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collapses cleanly to a single m/z = 279 species in MS/MS fragmentation.  An analogous 

dimer also appeared in the 16:0 CPA standard shown in Figure 2-2C.  The NMR and MS 

data show unambiguously that under these conditions, recombinant La_αIB2bi enzyme 

catalyzes intramolecular cyclization of LPC to form CPA and choline exclusively.  There 

is no detectable hydrolysis of substrate to form LPA.  
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Figure 2-4: Recombinant SicTox enzyme La_αIB2bi generates cyclic phosphatidic 
acid from octanoyl lysophosphatidylcholine (8:0 LPC). A) Degradation of 8:0 LPC by 
SicTox enzyme La_αIB2bi as measured by 31P-NMR. Two isomers of LPC (1 and 2) are 
observed (see text) and the only observed product upon enzyme addition is a far 
downfield chemical shift. Trimethyl phosphate (TMP) is an internal chemical shift and 
concentration standard. B) LC-MS characterization of the NMR sample from (A), before 
(top) and after (bottom) addition of enzyme. Chromatograms represent total ion count 
(TIC) from reverse phase LC-MS as a function of retention time. Insets show time-
averaged negative-ion mode mass spectra of substrate (red) and product peak (blue). 
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Whole Loxosceles venoms also convert LPC to CPA 

We assayed whole venoms of three Loxosceles species (L. laeta, L. reclusa, and 

L. arizonica) from three geographically distinct regions to determine whether a similar 

activity is present in venom.  Strikingly, all three whole venoms recapitulate the activity 

of La_αIB2bi and form CPA in high yield as the sole 31P NMR-detectable product from 

LPC (Figure 2-5).  Thus, the new activity is not an artifact of recombinant expression, 

presence of an affinity tag, or other such factors; nor does it result from some unusual 

feature of αIB2bi from L. arizonica.  Exclusive production of CPA from LPC by venom 

is even more remarkable given that phylogenetically diverse venoms are known to 

contain multiple SicTox enzyme isoforms (51). We conclude that formation of cyclic 

products must be a general feature of the SicTox enzymes from a variety of Loxosceles 

species. 
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Figure 2-5: Diverse Loxosceles whole venoms cleanly convert 8:0 LPC substrate to 
8:0 CPA product. Relative concentrations of 8:0 LPC substrate (squares) and 8:0 CPA 
product (circles) as a function of time at 298 K were measured by integration of 31P-
NMR signals relative to a trimethyl phosphate standard (see Materials and Methods), and 
reported as percentages of the LPC concentration at time zero. Data points for the 
recombinant enzyme	  αIB2bi (i.e. La_αIB2bi) were derived from the experiment shown in 
Figure 2-4A, with the H47N variant shown as a negative control. Data for the three 
venoms were derived from similar experiments, but with addition of whole venom rather 
than purified recombinant enzyme. 
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The SicTox PLD toxins also convert sphingomyelin to a cyclic product 

To determine the generality of the observed cyclization with LPC substrate, we 

also examined the reaction of recombinant La_αIB2bi and L. arizonica whole venom 

with SM.  Both La_αIB2bi and L. arizonica venom cleave choline from sphingomyelin 

(51, 76).  If the enzyme catalyzes cyclization of SM in a reaction analogous to the 

cyclization of LPC, we would expect the formation of a six-membered ring (Figure 2-

6A).  Indeed, results of 31P NMR assays with purified La_αIB2bi and natural 

sphingomyelin parallel those with palmitoyl LPC (Figure 2-7).  We observe a small 

amount of unidentified product with a chemical shift that is inconsistent with ceramide-1-

phosphate (C1P) (Figure 2-8) the expected product of sphingomyelinase D (SMase D) 

activity via a hydrolysis reaction (45-47).  The product of turnover of La_αIB2bi with 

SM instead has a chemical shift near -4 ppm, consistent with the region expected for a 

six-membered ring cyclic phosphate (101).  As with the degradation of LPC, we observed 

precipitation.  

We mitigated the product insolubility observed with natural SM by switching to a 

shorter acyl chain (hexanoyl) sphingomyelin (HexSM).  Both recombinant La_αIB2bi 

and whole L. arizonica venom efficiently degrade HexSM to the cyclic 

ceramide(1,3)phosphate (CC(1,3)P) product (Figure 2-6B).  The 31P resonance of the 

product is somewhat broad and the apparent yield as measured by signal integration is 

42%, suggesting that shortening of the acyl chain does not entirely ameliorate product 

insolubility.  Nevertheless, LC-MS analysis of the product (Figure 2-6C) reveals two 

peaks in the TIC-detected chromatograms: one at 26 min and a broader peak at ~31 min.  

The peak at 26 min contains two species with m/z of 458 and 917, which, by analogy to 
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CPA, we assign as [CC(1,3)P]- and the corresponding [2CC(1,3)P+H+]– dimer.  The 

substrate m/z is consistent with [HexSM+acetate]–.  These results show that production of 

cyclic phosphate and choline by the SicTox enzymes occurs for both sphingolipid and 

lysophospholipid substrates.  
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Figure 2-6: SicTox PLD enzymes from Loxosceles venoms convert sphingomyelin to 
cyclic ceramide phosphates. A) Sphingomyelin (SM) is not converted not to ceramide-
1-phosphate (C1P) but to a cyclic six membered ceramide(1,3)phosphate [CC(1,3)P]. B) 
31P-NMR spectra of 4 mM hexanoyl SM (HexSM) micelles, before (top) and 30 min after 
(bottom) addition of L. arizonica venom. The cyclic product persisted for over 12 h, and 
no monoester product (i.e. C1P) was detected. Analogous results were observed with 
purified SicTox La_αIB2bi. C) LC-MS characterization of the product from the NMR 
sample in (B), showing results analogous to those shown in Figure 2-4 for conversion of 
LPC to CPA. 
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Figure 2-7: Degradation of natural SM (4 mM; chicken egg) by La_αIb2bi enzyme 
monitored by 31P-NMR in borate buffer.  After 24 h, the only detectable product 
resonance (-3.7 ppm) is consistent with a cyclic phosphate containing a six-membered 
ring: cyclic ceramide(1,3)phosphate (CC(1,3)P).  After 48 h, nearly all the SM substrate 
was consumed, but the product resonance remained weak.  White precipitate was 
observed, suggestive of product insolubility. A chemical shift indicative of a monoester 
phosphate product of ceramide-1-phosphate was never observed (see Figure 2-8). SM 
micelles also included 12 mM Triton X-100 detergent.  Trimethyl phosphate (TMP; 1 
mM) was added as a chemical shift and concentration standard. 
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Figure S3: Degradation of natural SM (4 mM; chicken egg) by !Ib2bi enzyme monitored 

by 
31

P-NMR in borate buffer.  After 24 h, the only detectable product resonance (-3.7 ppm) is 

consistent with a cyclic phosphate containing a six-membered ring: cyclic 

ceramide(1,3)phosphate (CC(1,3)P).  After 48 h, nearly all the SM substrate was consumed, but 

the product resonance remained weak.  White precipitate was observed, suggestive of product 

insolubility. A chemical shift indicative of a monoester phosphate product of ceramide-1-

phosphate was never observed (see Figure S4). SM micelles also included 12 mM Triton X-100 

detergent. Trimethyl phosphate (TMP; 1 mM) was added as a chemical shift and concentration 

standard. 
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Figure 2-8: 31P-NMR spectra of commercially available sphingomyelin (SM) derived 
from chicken egg and N-oleoyl-ceramide-1-phosphate (18:1 C1P) in borate buffer.  
A) 4 mM SM with 12 mM Triton X-100.  B) 0.5 mM SM, 0.5 mM 18:1 C1P and 4 mM 
Triton X-100.  Trimethyl phosphate (TMP; 1 mM) was added as a chemical shift and 
concentration standard.  
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Figure S4: 
31

P-NMR spectra of commercially available sphingomyelin (SM) derived from 

chicken egg and N-oleoyl-ceramide-1-phosphate (18:1 C1P) in borate buffer. (A) 4 mM SM 

with 12 mM Triton X-100, (B) 0.5 mM SM, 0.5 mM 18:1 C1P and 4 mM Triton X-100. 

Trimethyl phosphate (TMP; 1 mM) was added as a chemical shift and concentration standard. 
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Conclusions 

SicTox PLD toxins exclusively generate cyclic phosphate products 

PLD activity with purified SicTox enzymes is often assayed by measuring the 

release of choline product from either LPC or SM.  Up to now, the identity of the second 

product has been assumed to be the monoester phosphate that would result from substrate 

hydrolysis (45-47).  LPA formation from SicTox enzymes has been reported using TLC 

detection (44), an enzyme-linked colorimetric assay (49, 94) and a cellular assay 

involving detection of 1-oleoyl LPA by human LPA1 receptor protein (48).  Notably, 

none of these methods involves direct, specific spectroscopic identification of LPA and 

none clearly rules out a cyclic phosphodiester product.  For example, 1-oleoyl CPA 

activates human LPA1 receptor almost as well as 1-oleoyl LPA does (122, 123). 

Similarly, the suggestion of C1P formation from SM is largely based on thin layer 

chromatography (TLC) (33, 44, 79) and a spectrophotometric method using a colored SM 

derivative (73, 124).   

Previous 31P NMR studies of SMase D activity by purified SicTox enzymes has 

been reported by Merchant et al.  In one paper, only substrate decay of SM was reported, 

presumably because of product insolubility similar to that observed here (125). A second 

31P NMR study by this group (99), which we came across after conducting our own 

experiments, actually did report C1P as a directly observed product, but the chemical 

shift is near -3 ppm rather than +3 ppm, and closely matches that of the cyclic product we 

observe (Figure 2-6).  Given the consistency between this finding and our own, we 
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suggest that in all of the previous assays, cyclic phosphates were understandably 

mistaken for the expected monoester products, which are chemically similar.  

 PLD enzymes can catalyze cleavage of the scissile diester bond by either a 

hydrolysis or a transphosphatidylation reaction (87).  Conversion of substrate to cyclic 

phosphate-containing products by SicTox enzymes is a type of transphosphatidylation in 

which a free hydroxyl group within the substrate acts as an internal nucleophile.  

Formation of CPA from LPC has been reported with human enzymes (126, 127) and with 

a PLD from S. chromofuscus (86), both unrelated to the spider toxins. The ability of the 

SicTox enzymes to cyclize SM to the CC(1,3)P product is, to our knowledge, the first 

report of a SMase D that catalyzes such a reaction. 

 The exclusive formation of five- and six-membered cyclic phosphate esters in our 

experiments explains why all known phospholipid substrates of SicTox enzymes from 

Loxosceles species have a free hydroxyl at the C-2 or C-3 of the glycerol or sphingosine 

backbone (49). Interestingly, the glycerophosphodiester phosphodiesterases (GDPD), 

which share an evolutionary history with the SicTox enzymes (46, 55) act on substrates 

that contain a free hydroxyl at both the C-2 or C-3 positions of the glycerol backbone.  In 

fact, one proposed catalytic mechanism for the GDPD enzymes invokes formation of a 

cyclic intermediate (84).  Moreover, some GDPD enzymes can form a cyclic 

phosphodiester as a final product, rather than as an intermediate (128).  Therefore, our 

unanticipated results are completely consonant with the known substrate specificity and 

evolutionary history of these enzymes.   
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The etiology of loxoscelism is still poorly understood but introduction of the 

SicTox toxins into mammalian tissue activates numerous cellular processes, for example 

activation of the complement system (117).  Our results open up the prospect that the 

cyclic phosphates CPA and CC(1,3)P, produced by these toxins, directly contribute to the 

pathology of brown spider envenomation and may act as chemical triggers.  For example, 

CPA is a known signaling molecule with distinct agonistic effects from LPA on 

mammalian cells (129) and is an inhibitor of peroxisome proliferator-activated receptor 

gamma, a nuclear receptor that helps to regulate cell proliferation, apoptosis, and 

inflammation (130).  Also, conversion of SM to CC(1,3)P may disturb bilayer integrity 

and morphology (131) which could affect membrane asymmetry.  Loss of membrane 

asymmetry has been proposed as a mechanism to induce the complement pathway of the 

innate immune response, which can result in cell lysis (16, 67).  Although cyclic 

phosphate esters could undergo ring opening in biological systems to yield monoester 

phosphates, CC(1,3)P is resistant to lysis when exposed to living cells (132) and CPA has 

been estimated to exist in human serum at a concentration of 0.1 µM based on isolation 

from albumin samples (121).  Thus, the products of the Loxosceles PLD toxins reported 

in our work may persist in vivo.  Work with living cells and/or animal tissue may help 

determine if the putative accumulation of cyclic phospholipid products in vivo contributes 

to the necrotic state.  Future research on the biological effects of cyclic phospholipids 

may shed light on the molecular basis of loxoscelism, as well as any possible function 

these products may play in their natural role of capture and immobilization of arthropod 

prey by brown spiders. 
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Materials and Methods 

Materials 

Natural (purified from chicken egg) and synthetic versions of LPC and SM were 

purchased from Avanti Polar Lpids (Alabaster, Alabama, USA).  Synthetic lipids are: 

hexanoyl SM (6:0 SM, N-hexanoyl-D-erythro-sphingosylphosphorylcholine), octanoyl 

LPC (1-octanoyl-2-hydroxy-sn-glycero-3-phosphocholine), palmitoyl LPC (1-palmitoyl-

2-hydroxy-sn-glycero-3-phosphocholine), palmitoyl LPA (1-palmitoyl-2-hydroxy-sn-

glycero-3-phosphate), and palmitoyl CPA (1-palmitoyl-sn-glycero-2,3-cyclic-phosphate).  

QuikChange Site-Directed Mutagenesis Kit was purchased from Stratagene (La Jolla, 

California, USA).  BugBuster and Benzonase Nuclease were purchased from Novagen 

(Madison, Wisconsin). Ni-NTA Spin Columns were purchased from Qiagen (Hilden, 

Germany).  Amplex Red Sphingomyelinase Assay Kit was purchased from Invitrogen 

(Carlsbad, California, USA).  Flat bottom 96-well plates were obtained from Costar.  

NMR tubes were purchased from Wilmad-LabGlass (Vineland, New Jersey, USA).  All 

other chemicals were purchased from standard sources.  

Recombinant expression and purification of La_αIB2bi 

DNA encoding mature La_αIB2bi (gb:AY699703) was previously cloned into a 

pHIS8 bacterial expression vector (76).  An inactive H47N variant of this construct was 

generated by QuikChange site-directed mutagenesis.  N-terminally His8-tagged 

recombinant proteins were expressed from these constructs in Escherichia coli strain 

BL21(λDE3) closely following published methods (73).  Growth medium (50 mL 2xYT 

containing 30 µg/mL kanamycin) was inoculated with freshly transformed cells and 

incubated at 37°C with shaking at 250 rpm.  When the culture reached OD600 ~0.6, 
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expression was induced by addition of IPTG to a working concentration of 0.1 mg/mL.  

After 2 h, the induced cells were pelleted by centrifugation at 5,000 x g for 10 min at 

4°C.  Cell pellets were resuspended in BugBuster lysis reagent (5 mL/g wet cell paste) 

containing Benzonase Nuclease (1 µL per mL of lysate), incubated at room temperature 

for 20 min to allow lysis, and then centrifuged at 16,000 x g to remove insoluble material.  

The cleared lysate was brought to a concentration of 20 mM imidazole by addition of 

NE250 buffer (0.1 M Tris-HCl [pH 8], 0.2 M NaCl and 250 mM imidazole), and then 

loaded in two 0.6 mL portions onto a Qiagen Ni-NTA spin column that had been 

equilibrated in NW20 buffer (0.1 M Tris-HCl [pH 8], 0.2 M NaCl, and 20 mM 

imidazole).  Flow-through fractions (FT) were collected by centrifuging the spin columns 

at 250 x g for 5 min.  The column resin was washed twice with 0.6 mL of NW20 buffer.  

Wash fractions were collected by centrifugation at 850 x g for 2 min. Protein was eluted 

from the resin with two 0.3 mL aliquots of NE250 buffer at 250 x g for 5 min.  Eluates 

that contained >90% pure, active enzyme as judged by Coomassie-stained SDS-PAGE 

and colorimetric PLD assays (Figure 2-1), were brought to 50% (v/v) glycerol, divided 

into 20 µL aliquots, and stored at -20 °C until needed.  

Colorimetric PLD assay of wild-type La_αIB2bi and H47N variant 

An Amplex Red Sphingomyelinase Assay Kit was used to screen preparations of 

recombinant protein for PLD activity.  Fractions from affinity purification (100 µL) were 

pipetted into 96 well plates.  An assay solution was prepared according to the kit 

instructions, except that alkaline phosphatase, which is not required for measurement of 

PLD activity with this kit, was omitted. Each sample of assay solution contained either 
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sphingomyelin substrate at a working concentration of 0.25 mM in mixed micelles with 

Triton X-100 detergent, or an equivalent concentration of palmitoyl 

lysophosphatidylcholine substrate without Triton X-100. Assay solution (100 µL) was 

added to each protein sample or fraction and the plate was incubated in the dark at 37 ºC 

for 1 h.  Choline release/PLD activity was monitored by the appearance of the pink color 

of resorufin.  

Venom extraction/ species determination 

Venom was extracted from mature females of L. arizonica, L. reclusa and L. 

laeta, with species confirmation by morphology and COI barcodes.  The animals were 

collected live from the respective localities of Yarnell, Arizona; Bumpass, Virginia; and 

Los Angeles, California (L. laeta are native to South America).  In each case, owners 

gave permission for studies to be conducted on site.  Vouchers are stored in the lab of 

GJB and detailed collecting information is available on request.  Venom was extracted 

using electrostimulation taking care to avoid contamination from digestive enzymes (51).  

Venom samples were stored frozen at -70 ºC. 

31P-NMR 

31P NMR spectra were recorded at 298 K on a Bruker DRX-500 spectrometer 

equipped with a BBO-500MHz S2 5 mm probe with Z gradient.  Spectra were acquired at 

a spectrometer frequency of 202.11 MHz with 1H decoupling.  Data points (32 K) were 

acquired per spectrum at a spectral width of 80 ppm, with signal averaging over 200 

scans.  A 60° pulse length and a 7 s relaxation delay were employed to enable 

quantitative resonance integration (86).  Substrate micelle samples included either 0.1 M 
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octanoyl LPC and 10 mM trimethyl phosphate (TMP) in borate buffer (100 mM boric 

acid-NaOH [pH 8], 10 mM MgCl2, 10% D2O); 4 mM palmitoyl LPC and 1 mM TMP in 

borate buffer; or 4 mM hexanoyl SM, 4 mM Triton X-100, and 1 mM TMP in borate 

buffer.  Each substrate micelle sample (0.5 mL volume) was added to a 5 mm thin wall 

NMR sample tube and an initial spectrum was recorded in the absence of enzyme or 

venom.  For recombinant enzyme assays, 20 µL of enzyme glycerol stock was added to 

the lipid sample. For venom assays, extracted venom was reconstituted in 20 µL 1x RB 

buffer (100 mM Tris-HCl [pH 7.4], 10 mM MgCl2) and 5 µL of reconstituted venom 

solution was added to the lipid sample.  Between spectral acquisitions, all reactions were 

stored either in the magnet at 298 K or at ambient temperature.  Data were processed and 

analyzed with MestReNova 7.1.1 (Mestrelab Research, Santiago de Compostela, Spain).  

A baseline correction was applied to the data and the chemical shifts were referenced to 

TMP at 3.02 ppm (133).  Quantitative peak integration was performed with the autodetect 

function in MestReNova and the integrated peak areas were normalized to the 

concentration of the TMP standard.  Percentage yields of product over time (as well as 

percentages of substrate remaining) were calculated by dividing the normalized 

integrated peak area of product (or substrate) resonance by the normalized integrated 

peak area of the substrate resonance before enzyme addition.  

LC MS/MS analysis of reaction products 

Lipids were isolated from NMR samples for LC-MS/MS as follows: the NMR sample 

(0.5 mL) was combined with 2 mL of a 2:1 (v/v) methanol:chloroform mixture, vortexed, 

and incubated for 10 min at 25°C.  The resulting mixture was centrifuged at 3,000 x g for 
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10 min at 10 ºC.  The top layer was removed from the solution and then evaporated under 

nitrogen gas.  The resulting residue was brought up in methanol containing 0.1 M 

(NH4)2SO4.  Aliquots (2-10 µL) were injected onto an Agilent Eclipse XDB-C18 column 

(5 µm, 4.6 x 250-mm) equilibrated in water and operating at flow rate of 0.2 mL/min.  A 

linear gradient from 0 to 100% acetonitrile was applied over 20 min, followed by 15 min 

at 100% acetonitrile prior to re-equilibrating the column in water.  The eluate was 

analyzed by an in-line electrospray (ES) ionization-equipped LCQ ThermoFinnigan Deca 

XP mass spectrometer, which was operated both in negative and positive ion mode as 

necessary for each run.  The m/z range of 300-2000 atomic mass units was scanned and 

the ES was set to 4.5 kV ionization energy in positive ionization mode and 3 kV in 

negative ionization energy.  The source temperature was 350 °C.  Fragmentation 

experiments were carried out by isolating the desired mass and applying a collision 

energy of 35%.  For the 16:0 chain lyso-lipids, MS was performed by direct infusion.  

For these experiments, palmitoyl LPC was digested by La_αIB2bi as described in Figure 

2-2.  Lipids were extracted as described above.  The lipid residue was dissolved to a 

concentration of 50-80 µM in a 1:1 H2O:acetonitrile mixture containing 0.1% TFA.  An 

aliquot of commercially available 16:0 CPA in chloroform was dried under nitrogen, 

resuspended in the same solution and treated as a standard.  These solutions were then 

infused into the electrospray ionization (ESI) source of a Thermoelectron LCQ Classic 

ion trap instrument.  The ESI source was operated in the negative ion mode under 

standard tuning conditions with a spray voltage 4.5 kV and a capillary temperature of 

200°C.  Tandem MS/MS experiments were also carried out for the selected precursor [M-
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H]- at m/z 391.  The collision energy was kept at an arbitrary value of 28% in each 

experiment. 
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CHAPTER THREE 

SUBSTRATE SPECIFICITY OF THE SICTOX TOXINS AND THE STRUCTURE OF 

AN ETHANOLAMINE SPECIFIC PHOSPHOLIPASE D  

Overview 

Cutaneous envenomation by brown spiders in the genus Loxosceles can induce 

necrotic breakdown of mammalian tissue.  Subdermal envenomation can lead to renal 

failure, circulatory shock, and even death.  These cutaneous and systemic disease states 

are known as loxoscelism (13-17).  Loxoscelism is caused primarily by phospholipase D 

(PLD) enzyme toxins in the venom of these spiders, and purified PLD toxins from both 

venom and recombinant sources induce a disease state similar to loxoscelism in animal 

models (35-43). 

Loxosceles spiders belong to a larger spider family, the Sicariidae, which also 

contains the genus Sicarius.  The venom of some Old World Sicarius species can also 

induce loxoscelism in animal models (22-24).  While most research attention focuses on 

the Loxosceles genus, members of the Sicarius genus also carry PLD toxins in their 

venomes (51).  The gene family comprising the Sicariid PLD toxins has been named 

‘SicTox’ to reflect this distribution. 

As described in Chapter 2, the PLD toxins cleave the phosphodiester linkage 

between the phosphate and head group of certain phospholipids, forming an alcohol 

(often choline) and a cyclic phosphate (75).  Formally, the cyclic phosphate is formed by 

intramolecular attack of a free hydroxyl nucleophile at the phosphorus center, with 

displacement of the head group. Because of this chemistry, the toxins act only on 
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phospholipid substrates that contain a free hydroxyl, including ceramide-based lipids like 

sphingomyelin (SM) and lysophospholipids such as lysophosphatidylcholine (LPC) (33, 

48-50, 80).   

  Different toxin homologs show differential levels of enzymatic activity toward 

sphingomyelin.  The SicTox gene family contains two clades, α and β (51).  The most 

thoroughly studied toxins are in the α clade.  These show high PLD activity against the 

substrate SM (Figure 1-4) and can induce loxoscelism in animal models.  By contrast, 

some β clade members, generally belonging to the βI subclade and isolated from new 

world Loxosceles, show little to no SMase D activity and have diminished toxic effects in 

vivo (40-42, 69, 70).  Members of this low SMase D activity group have also been termed 

‘Class IIb’ PLDs (46, 71).  

Some of the PLD toxins may be promiscuous enzymes, with the important 

limitation that they only act on substrates carrying a free hydroxyl group.  Lee and Lynch 

showed that an α clade toxin from L. reclusa utilizes, in addition to SM and LPC, a wide 

variety of lysophospholipids with differing headgroups (49), including choline, glycerol, 

serine, inositol and, to a lesser extent, ethanolamine.  To date, the L. reclusa toxin is the 

only SicTox enzyme to be tested against a broad panel of substrates, and it opens the 

question of how general this promiscuity might be in the family.  

SicTox proteins with low sphingomyelinase activity, like the βI clade/class IIb 

homologs, could be generally inactive; alternatively, they could be low-promiscuity 

toxins with a bias against choline headgroups and/or ceramide backbones.  The isolation 

of βI clade/Class IIb mRNA trancripts from the venom of certain New World species of 
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Loxosceles suggests that these SicTox PLDs are active toxins serving some function in 

the venom cocktail.  Indeed, some species of New World Sicarius have multiple toxin 

isoforms exclusively from the βI clade, and whole venom assays from these species 

exhibit extremely diminished SMase D activity compared to old world Sicarius and 

Loxosceles venom (25, 51).  The identity of the molecular target of these toxins is 

imperative to understanding the evolution of the SicTox gene family, the biology of the 

Sicariidae spiders, and the diminished toxicity of the βI clade toxins in mammalian 

models.  

Here we utilize 31P-NMR-based substrate screening to identify substrates for two 

βI clade/Class IIb toxins, and to compare their substrate selectivity and promiscuity with 

those of an α clade protein. One of the enzymes, St_βIB1i from Sicarius terrosus, is a 

close ortholog of other previously studied Class IIb toxins and comes from a New World 

species, the venom of which lacks SMase D activity in vitro (51).  The other two toxins 

come from L. arizonica, a species known to cause loxoscelism (18, 76, 134).  These 

toxins are:  La_βID1, the first β clade toxin to be characterized from L. arizonica, and 

La_αIB2bi, a previously characterized α clade toxin with known activity against SM and 

LPC (75, 76).  

We find that St_βIB1i, like other βI/class IIb toxins, lacks activity against SM and 

LPC; however, it shows strong action on both ceramide and lysolipids substrates 

containing ethanolamine headgroups.  La_βID1, by contrast, is promiscuous toward 

choline and ethanolamine, and La_αIB2bi shows a preference for choline.  Our results 

show for the first time that 1) SicTox enzymes vary widely in substrate selectivity and 
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promiscuity, and 2) some βI/class IIb enzymes with little to no SMase activity are 

actually active enzymes that prefer other substrates.  To further investigate substrate 

preference by St_βIB1i, we determined its crystal structure, the first of the Class IIb 

PLD, the first PLD enzyme known selective for ethanolamine headgroups, as well as the 

first structure of a SicTox PLD from a Sicarius species.  The structure did not reveal a 

clear basis for its different activity but did shed light on the enzyme mechanism.   

The work presented here forms the bulk of a manuscript in preparation.  

PA Zobel-Thropp,	  J	  Delahaye, and GJ Binford provided full length cDNA gene sequences 
used for cloning.  Screening and optimization of crystal growth was performed by A 
Weichsel and DM Lajoie. X-ray data collection and refinement was performed by S 
Roberts and DM Lajoie. In silico docking work was performed by MH Cordes. 
Experimental design and data analysis was performed by MH Cordes, and DM Lajoie. 
All other experimental work was performed by DM Lajoie.  

 

Results: 

Enzymatic activity and substrate preference as measured by 31P-NMR 

We initially tested the three SicTox homologs for PLD activity on 8:0 LPC and 

6:0 SM/Triton X-100 micelles using previously described 31P NMR assays (75).  These 

short chain substrates give a small micelle and thus minimize resonance linewidths (133).  

Both enzymes from L. arizonica (La_αIB2bi and La_βID1) showed high activity against 

both SM and LPC, while St_βIB1i showed much lower activity against the choline 

containing substrates (Figure 3-1).  For the L. arizonica enzymes, all SM was consumed 

within the dead time of the experiment (~10 min), while more than 50% of this substrate 

remained after ~1.5 h of incubation with the S. terrosus enzyme.  The L arizonica 

enzymes also both consumed substantial amounts of LPC after 1 h (initial rate of 
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approximately 1.1 mM/min for La_βID1 and 0.24 mM/min for La_αIB2bi) while 

St_βIB1i showed no activity against 8:0 LPC even after 24 hrs.  These initial experiments 

demonstrate that the homologs have variable PLD activity against SM and LPC, and are 

consistent with other studies showing reduced SMase D activity among some β clade 

members (Figure 1-4). 
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Figure 3-1: Bar graph representation of percentage of substrate converted to 
product after 20 min (white), 80 min (grey), and 24 h (black) of three different 
SicTox PLD toxins as determined by 31P-NMR. All assays contained 10 µg of enzyme. 
Short chain phospholipid substrates: 8:0 LPC: 80 mM of octanoyl LPC, 6:0 SM/Tx: 2 
mM of Hexanoyl SM with 2 mM of Triton X-100.  The rest of the assays contained 2 
mM of phospholipid substrate in 50 mg/mL CHAPS and buffer.  See Materials and 
Methods for full details.   
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We next tested the three enzymes against a broader panel of appropriate substrates 

with a range of head groups (Figure 3-1) including the lysolipids LPE, LPG, LPS, and 

LPC, as well as the phosphosphingolipids CPE and SM.  The ethanolamine-containing 

substrates LPE and CPE were of particular interest to as potential alternative substrates to 

LPC and SM, since ethanolamine is a common headgroup in insect lipids (102, 104, 135, 

136).  CHAPS was utilized in our assays to solublize a large variety of phospholipid 

substrates (137) and its utility has been demonstrated in NMR experiments measuring 

phospholipase activity (138).  Although the low sensitivity of this NMR assay makes it 

poorly suited to detailed enzyme kinetics (139), it has several advantageous features for 

semiquantitative assays as a diverse panel of lipid substrates: 1) product is directly 

visible, allowing monitoring of the material balance between consumed substrate and the 

appearance of cyclic phosphate product; 2) because of the solubilization by CHAPS 

detergent, all products and substrates in the panel have narrow linewidths, and all 

substrates can be compared in a common concentration range of ~2 mM.  We verified 

that the CHAPS assay qualitatively recapitulates the differences in activity on SM and 

LPC seen above, with the major difference being that the absolute rates of substrate 

turnover appear slower in the CHAPS system (Figure 3-1).  

The panel assay shows that the three enzymes have two features in common.  

First, all enzymes show more rapid turnover of ceramide-based substrates (SM or CPE) 

versus lysophospholipids (LPC or LPE, respectively) with the same head group.  Second, 

all of the enzymes act exclusively on the zwitterionic lysophospholipids (LPC and/or 

LPE) while we observe no activity against anionic lysolipids (LPG and LPS).  The lack 
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of activity against LPG or LPS contrasts with the findings of Lee and Lynch with L. 

reclusa protein LrSicTox-αIB1 (49).  

The assay also reveals striking differences in substrate preference and 

promiscuity.  First, La_αIB2bi is specific for the choline-containing substrates SM and 

LPC.  Although our assay is semi-quantitative, we can estimate that this enzyme turns 

over SM 1 to 2 orders of magnitude faster than CPE (Table 3-1).  LPC is also preferred 

over LPE, though neither substrate is turned over rapidly in this assay.  St_βIB1i also 

demonstrates high substrate specificity, but for phospholipids with ethanolamine head 

groups (CPE and LPE).  In fact, we observe very rapid turnover of CPE in our assay as 

all the substrate was consumed within the dead time of the experiment.  We estimate a 

rate difference of at least two orders of magnitude for ethanolamine head groups over 

equivalent choline containing substrates by St_βIB1i.  Interestingly, La_βID1 acts on 

both choline-containing and ethanolamine-containing substrates, with about a twofold 

preference for the former.  
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Phospholipid La_αIB2bi La_βID1 St_βIB1i 

SM 14 26 0.2-1.4 

CPE 0.4-1.4 13 >200 

    

LPC 0.3-1.4 11 <0.1 

LPE <0.1 7 25 

LPG <0.1 <0.1 <0.1 

LPS <0.1 <0.1 <0.1 

 

Table 3-1: Approximate reaction rates (µM/min) of initial substrate-to-product 
conversion in 31P-NMR assays of SicTox PLD toxins with various phospholipid 
substrates.  All assays contain 10 µg SicTox PLD toxins incubated with 2 mM 
phospholipid substrate in 50 mg/mL CHAPS and buffer.  Samples were assayed at 15 
min time points over approximately 80 min, and at 24 h after enzyme addition.  The 
lower limit of product detection in our assay is 0.1 mM (100).  Failure to observe product 
after 80 min led us to estimate a maximal rate of  <1.4 µM/min.  Failure to observe 
product after 24 h led us to estimate a maximal rate of <0.1 µM/min, allowing for some 
loss of enzyme activity over this period. In cases where product formation is observed 
after 24 h, but not after 80 min, we estimate the rate as greater than 0.1 µM but less than 
1.4 µM/min.  In these cases, the lower bound is estimated from the slope based on the 
conversion of substrate to product at 24 h. In cases where all substrate is consumed by the 
first time point, we estimate a minimum initial reaction rate as >200 µM/min.  
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The unique chemical shift of each phospholipid substrate allowed us to also 

perform direct competition experiments in our 31P-NMR assay (Figure 3-2).  We set up 

two competition experiments of ceramide-based phospholipids (CPE vs. SM) and 

lysolipids (LPC vs. LPE).  The competition recapitulates what we observed with single 

substrate assays.  Particularly striking is the rapid turnover of CPE by St_βIB1i but 

extremely slow turnover of SM.  
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Figure 3-2: competition assays of SicTox PLD enzymes with either CPE/SM or 
LPC/LPE as measured by 31P-NMR.  10 µg of each SicTox PLD was added to sample 
containing 2 mM each: sphingomyelin (SM) and ceramide phosphoethanolamine (CPE) 
or myristoyl lysophosphatidylethanolamine (LPE) and myristoyl lysophosphatidylcholine 
(LPC).  Upfield product resonances are 6-membered ring phosphates corresponding to 
cyclic ceramide phosphate (CCP) and down field product resonances are 5-membered 
ring phosphates corresponding to cyclic phosphatidic acid (CPA).  
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The crystal structure of St_βIB1i 

To explore the basis of differences in substrate specificity, we solved the structure 

of SicTox protein βIB1i from S. terrosus using crystallographic methods. Refinement of 

the St_βIB1i structure converged to a crystallographic residual of 17% (Rfree = 22%) for 

all data between 38.5 and 2.14 Å.  The refined model of βIB1i contains 278 amino acid 

residues, 122 solvent water molecules and 1 Mg2+ ion, coordinated by the conserved 

active site residues E32, D34, and D91.  Model quality was assessed with SFCHECK 

(140), and all stereochemical parameters are within acceptable ranges.  A Ramachandran 

diagram of the model generated with RAMPAGE (141) indicates that all main-chain 

dihedral angles are within most favoured and additionally allowed regions (Table 3-2).  
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Table 3-2: Data collection and refinement statistics 
for St_βIB1i (PDB: 4Q6X)  
Space Group P32 

Unit-cell parameters (Å, º)  a = b = 49.22, c = 90.11;  
α = β = 90, γ = 120 

 
Data Collection  

X-ray source  SSRL BL7-1 

Wavelength (Å) 1.127 

Detector 
CCD‐ADSQ Quantum 
315 
 

 
Data Refinement  

Resolution range (Å) 38.56‐2.14 (2.25‐2.14) 
 

Measured reflections 49,403 (5,484) 

Unique reflections 13,352 (1,828) 

Multiplicity  3.7 (3.0)  

Completeness (%)  99.2 

Rmerge 0.08 (0.44) 
I/σ(I) 
 13.9 (1.79)  

 
Structure Refinement  

Rcrys 0.17 (0.21) 

Rfree 0.221 (0.32) 

rmsd bonds (Å) 0.01 

rmsd angles (º) 1.386 

Ramachandran Plot   

-Most favored regions 97.8% 

-Additional allowed regions 2.2% 
-Generously allowed 
regions 0% 

-in disallowed regions  
0% 
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Structural comparison of St_βIB1i to previously determined SicTox structures. 

St_βIB1i has a canonical TIM (α/β)8 barrel fold with very close structural 

homology to LiRecDT1 (PDB:3RLH (71)).  St_βIB1i superimposes onto 3RLH with a 

calculated (142) global r.m.s.d. of 1.37Å for 275 Cα atoms and a sequence similarity of 

63.3%.  Z-scores calculated with DALI (143) between St_βIB1i and 3RLH, and between 

St_βIB1i and the structure of SMaseI (PDB: 1XX1 (47)) are 44.3 and 40.6 respectively, 

indicating a high level of structural homology within this protein family (Figure 3-3A).  

St_βIB1i contains two disulfide bonds between Cys51 and Cys57, which form a hairpin 

turn in the catalytic loop, and between Cys53 and Cys197, which make a disulfide bond 

between the catalytic loop and the flexible loop region of the protein as previously 

described (46).  This disulfide arrangement, and lack of SMase D activity observed by 

St_βIB1i, makes this enzyme a part of the ‘Class IIb’ structural group as previously 

proposed (46, 71).  Like previously reported SicTox structures (PDB: 3RLH and 1XX1), 

the flexible, catalytic, and variable loop regions of St_βIB1i all exhibit large temperature 

factors.  This apparent flexibility is likely to be involved in substrate recognition and 

formation of the membrane interface as previously posited (45, 46, 71, 82).  To 

adequately model these highly flexible regions required TLS refinement (144-146), 

which led to the refined electron density illustrated in Figure 3-4 

The active site of St_βIB1i contains all the residues previously identified as 

essential for catalytic activity (45-47, 71) (Figure 3-3B/C).  The side chains are nearly 

superimposable between all three structures except Asp52, which is in the highly flexible 
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loop region of the molecule (Figure 3-3B).  The Mg2+ cofactor is coordinated by six 

groups: the OD1 atom of Asp33, the OE2 atom of Glu31, the OD2 atom of Asp91, and 

three water molecules.  Thus, the inner hydration shell of the divalent magnesium is 

observed in our structure (147).  The active site of St_βIB1i does not contain any 

apparent ligand other than Mg2+, and all residual electron density in the active site was 

attributed to water molecules. 
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Figure 3-3: structural and sequence comparison of the SicTox PLD toxins. A) 
Overlay of known structures of the SicTox PLD toxin family. Gold:   LiRecDT1 from L. 
intermedia (PDB: 3RLH), Green: SMase I from L. laeta (PDB: 1XX1), and purple: 
St_β1B1i from S. terrosus (PDB: 4Q6X).  All structures have the TIM barrel fold and 
exhibit close structural homology. B) Active site overlay of the structures in part (A).  
The residues shown are putatively important for catalysis and/or substrate binding.  The 
essential Mg2+ cofactor from St_β1B1i is shown as a small red sphere, along with a 
sulfate ion from the L. laeta SMase I structure. With the exception of Asp 52, in the 
flexible/variable catalytic loop, all residues have a similar location and conformation in 
both α and β clade members.  C) Multiple sequence alignment of selected SicTox PLD 
sequences characterized previously or in this study.  All biochemically characterized β 
clade toxins are included, along with representative α clade toxins that have a known 
structure (Li_AlphaA1a and Ll_AlphaIII1) or are being studied here (La_AlphaIB2bi).  
The first two letters of the name correspond to initials of genus and species, e.g. Lb 
stands for L. boneti (see Figure 1-4). Note that New World Loxosceles with α clade 
toxins shown here also have known β clade paralogs in the venom.  Conserved active site 
residues essential for catalysis (46, 47, 148) are highlighted with a red box. Cysteine 
residues are denoted with yellow box.  Residue differences between the α and β clade 
that form part of the distal binding pocket (51) are highlighted with a blue box.  
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Figure 3-4: Electron density map (2Fo-Fc map contoured to 1σ) of the catalytic loop 
of St_βIB1i.  
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Docking and mutational studies 

No structure of a SicTox PLD toxin co-crystallized with a substrate analog or 

product ligand has been reported to date. To examine possible substrate binding modes, 

we docked LPE and LPC ligands into the S. terrosus βIB1i active site using Autodock 

Vina (see Materials and Methods). We also considered docking studies with SM and 

CPE, but focused most effort on the lysophospholipids because of their simpler structure, 

and because other structural data yielded clues to the binding mode for these substrates. 

Specifically, the structure of a bacterial glycerophosphoryl phosphodiesterase (GDPD) 

from Oleispira antarctica (PDB: 3QVQ) contains a glycerol-3-phosphate bound in a 

mode where the 2-hydroxyl is poised for attack on the phosphorus center (see Figure 3-7, 

below).  GDPDs are distantly related to the SicTox proteins (46, 53, 55) and their 

mechanism has been proposed to proceed through a five-membered cyclic phosphate 

intermediate (84) analogous to the product of the toxin reaction with observed with 

lysophospholipids (75). Thus, we felt that the conformation of the glycerol phosphate in 

the GDPD active site was a reasonable model for the phosphoglycerol portion of an LPC 

or LPE substrate bound to the toxin in a catalytically competent mode. Consequently, we 

simplified our docking calculations by restricting the dihedral angles of the 

phosphoglycerol moiety of LPE and LPC to mimic the glycerol phosphate structure.  

The lowest energy binding modes for LPE and LPC are highly similar (Figure 3-

5) and suggest that the head group is accommodated within a pocket bordered by Val 89, 

Asp 91, Ser 132, Glu 134, Asp 165, Ser 167, Gly 191, Tyr 222 and Trp 224 and Met 246 

(Figure 3-5B).  Part of this region has previously been named the “distal pocket” and 

proposed to be potentially important for recognition of different substrates (51).  This 
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pocket is quite well conserved between the α SMase D toxins of known structure and 

St_βIB1i and only residues 191 (Gly vs. Ser), 134 (Glu vs. Pro) and 95 (Asn vs Gly) 

differ (Figure 3-5B; see also Figure 3-3C).  In the lowest energy binding modes for LPE 

and LPC, neither position directly contacts the headgroup.  Thus, the docking studies do 

not generate a strong sense that choline and ethanolamine headgroups should be 

distinguished in their active site binding.  
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Figure 3-5: In silico docking of LPE and LPC into the active site of St_βIB1i. A) 
Surface rendering of St_βIB1i shown in brass coloration, the magnesium cofactor is 
shown as a small green sphere.  The two ligands docked in the active are 
lysophosphatidylcholine (light blue) and lysophosphatidylethanolamine (royal purple). In 
both dockings, the head group is situated in a binding pocket that has been previously 
identified (51).  B) The binding pocket of LiRecDT1, an α clade protein from L. 
intermedia (PDB: 3RLH and rendered in mint green) and St_βIB1i from S. terrosus 
(PDB: 4Q6X and rendered in earth yellow).  Differences in the binding pocket between α 
clade and β clade PLDs are Glu or Pro 134, Ser or Gly 195, Asn or Gly 95 (see Figure 3-
3C).  
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Nonetheless, we generated a St_βIB1i variant with the mutations E134P and 

G195S.  In a competition experiment between SM and CPE, the variant has lower activity 

against CPE and higher activity against SM compared to the wild type, though it still 

strongly prefers CPE (Figure 3-6).  Interestingly, the rate of SM consumption slows once 

the CPE is consumed and is also slower in an experiment with pure SM (data not shown), 

suggesting that activity of the variant against SM may be enhanced by the presence of 

CPE.  Regardless, the mutations appear to have at least a small effect on the substrate 

preference but do not switch the specificity to favor the choline substrate. We also see no 

evidence that the variant favors LPC over LPE (data not shown).   

Glu 134 and Asn 95 (which is a Gly in the α toxins but an Asn or Lys in most β 

toxins) have been previously identified as a potential reason for occluding choline-

containing substrates from the active site of Class IIb enzymes (46).  To test these two 

residues together, we engineered a Glu134Pro/Asn95Gly variant.  These mutations 

together showed no measurable effect on the substrate preference of St_βIB1i compared 

to the wild type. These regions may impact substrate preference but they are clearly not 

the dominant factors.  
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Figure 3-6: 31P-NMR competition assays of St_βIB1i variant activity against SM and 
CPE.  Each experiment includes 10 µg of enzyme variant.  For each variant, substrate-to-
product conversion is plotted at left, while stack plots of the spectra used to generate 
these data are shown at right.  Substrate and product concentrations are determined by 
peak integration relative to the internal standard trimethyl phosphate (TMP). A) St_βIB1i 
N95S/E134P shows activity and specificity similar to that of St_βIB1i, in which almost 
all CPE is consumed by the time the first data point is taken, while no significant activity 
against SM is seen after more than 1 h.  B) St_βIB1i E134P/G195S may exhibit slower 
turnover of CPE and also shows some turnover of SM during the first hour.  Approximate 
initial slopes of substrate disappearance and product appearance are shown. Interestingly, 
however, only limited additional turnover of SM is seen at 24 h, suggesting either that 
activity of the variant is lost over time, or that turnover of SM is dependent on the 
presence of CPE.  Single substrate assays (not shown) show almost no turnover of SM, 
suggesting that the latter is correct.
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The mechanism of SicTox PLD activity 

Docking studies also provide an opportunity to reconsider the SicTox PLD 

reaction mechanism, which requires revision in light of our recent discovery that the lipid 

product of the enzyme results from cyclization rather than hydrolysis (75).  The 

evolutionarily related GDPD enzymes hydrolyze glycerol substrates but, as mentioned 

above, have been proposed by Shi et al. to proceed through a first step involving 

formation of a cyclic intermediate (84).  In the first step of the ‘Shi mechanism,’ His 17 

acts as a general base, accepting a proton from the 2’-hydroxyl of the glycerol moiety 

(generating a nucleophile); His 59 acts as a general acid, donating a proton to the leaving 

group (Figure 1-5B / Figure 3-7C).  Indeed, the conformation of glycerol-3-phosphate 

bound to Oleispira antarctica GDPD is consistent with this mechanism, if the phosphate 

oxygen opposite the nucleophile is assumed to belong to the head group of substrate.  To 

assess the viability of this mechanism for SicTox proteins, we superimposed the O. 

antarctica and S. terrosus structures to position the glycerol-3-phosphate in the active site 

of St_βIB1i (Figures 3-7 A-C).  This yields a reasonable binding mode for the 

phosphoglycerol moiety of LPC, though the position of the 3’ hydroxyl would also 

require that part of the lipid chain face deep into the binding pocket.  

Our docking studies, with full substrate molecules, reveal an alternative binding 

mode for the phosphoglycerol moiety of lysophospholipid substrate, despite the fact that 

we restricted its internal conformation to that seen in the Oleispira structure. While the 

Oleispira structure suggests positioning of the glycerol moiety beneath the side chain of 

Trp 224, the Autodock Vina results place the head group in this position.  This reversal 

switches the roles of His 12 and His 47, placing His 47 in a position to activate the 
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nucleophile, while His 12 can protonate the leaving group.  His 47 may be assisted by the 

adjacent Asp 52 residue.  This leads us to propose an alternative to the Shi mechanism 

(Figure 3-7 D-F).  

At present, we have no strong basis to favor one mechanism over the other.  Other 

possible mechanisms include a two-step reaction mechanism, analogous to those 

previously proposed by Murakami et al (45-47) (Figure 1-5A).  It is interesting to note 

that the two mechanisms in Figure 3-7, while similar, imply completely different 

positioning of the head group and lipid backbone.  



	   95	  

Figure 3-7: Ligand docking and plausible mechanism comparison in St_βIB1i. A) 
The structure of St_βIB1i superimposed with a glycerol 3-phosphate (G3P) ligand in the 
active site. B) Active site of St_βIB1i bound with G3P, places the 2’-OH of glycerol with 
in hydrogen bond distance of His 12. C) Potential mechanism for LPC lysis based upon 
G3P binding. In this reaction, His 12 deprotonates the 2’-hydroxyl generating the 
nucleophile for attack on the phosphate. D) In silico docking of LPE with in the active 
site of St_βIB1i.  E) Active site of St_βIB1i with LPE.  In this simulation, the G3P 
moiety of the lysolipid is inverted 180° relative to (B). Therefore the 2’-OH of glycerol is 
within hydrogen bonding distance of His 47. F) Potential mechanism for LPC lysis (by 
the SicTox PLDs) based upon in silico docking of lysolipids. In this model, His 47 
activates the 2’-OH for in-line attack on the phosphodiester. 
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Conclusions 

We have biochemically characterized three diverse SicTox PLD toxins to 

compare substrate preference and promiscuity in this gene family. The results 

demonstrate for the first time that a wide range of preference exists for choline vs. 

ethanolamine head groups.  Most strikingly, we found that a Class IIb toxin, with low 

PLD activity for SM and LPC, is actually a highly active enzyme with strong specificity 

for ethanolamine-containing substrates.  We determined the structure of St_βIB1i, the 

first of a Class IIb enzyme, which led to new insights on substrate binding mode and 

mechanism yet did not explain the preference for ethanolamine headgroups.  Our findings 

show that SicTox proteins are functionally diverse and may help explain their variable 

mammalian toxicity (40-42, 69, 70).  

 The specificity of St_βIB1i for ethanolamine head groups may explain why other 

Class IIb enzymes tend to show diminished sphingomyelinase activity compared to 

whole venom.  St_βIB1i shares over 60% sequence identity with all previously reported 

Class IIb enzymes (Figure 1-4) and phylogenetic analysis groups these toxins within the 

βI clade of the SicTox gene family (51).  It is therefore plausible that many βI SicTox 

PLD toxins have evolved to be specific for ethanolamine-containing targets such as CPE. 

Our test set also included two paralogs, La_αIB2bi (75, 76) and La_βID1, from 

the venom of L. arizonica.  La_αIB2bi appears to strongly prefer choline containing 

substrates over ethanolamine containing phospholipid substrates, similar to other α clade 

enzymes, while La_βID1 prefers choline but by a smaller margin.  The preference of 

La_αIB2bi for LPC over LPE resembles enzyme specificities previously observed for a 
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L. reclusa toxin (49).  The SMase D activity of La_βID1 may be considered surprising 

given that it is a βI clade member like St_βIB1i.  It also shares 84% sequence identity 

with LiRecDT5 (βID1), an enzyme with very limited SMase D activity compared to α 

clade toxins from the same species (40).  We are unsure why robust SMase D activity is 

strongly observed for La_βID1 but not for LiRecDT5.  It could indicate that the βID 

clade is functionally diverse and represents a transition toward ethanolamine specificity 

in the βI-ABC clades, beginning from either an ancestral promiscuity or an ancestral 

preference for SM.  Direct experimental comparison of La_βID1 and LiRecDT5 in the 

future may be warranted, since it suggests that activity against SM substrates could be 

affected by very limited changes in sequence.   

 The ability to act on lipids with ethanolamine head groups may be significant for 

predation as well as mammalian toxicity.  CPE is a major phosphosphingolipid in insects, 

the main prey item of the Sicariid spiders, whereas SM dominates in mammals (103, 

149).  Lipidome and genetic analyses of arthropods suggest that most can produce both 

CPE and SM, but some insects (e.g. the Brachycera) may produce only CPE (102).  CPE 

is concentrated in neural tissue of certain insects, comprising about 4% of the total lipid 

content of brain tissue (136) in Drosophila and about 6-7% of total lipid content of the 

nervous system in Musca domestica (104).  In Drosophila, CPE is required by glial cells 

to properly insulate axons, and lack of CPE leads to neuropathy (135).  

It has previously been shown that La_αIB2bi injected into crickets exhibits a 

neurotoxic effect (76).  We therefore speculate that members of the SicTox PLD family 

may act as specific insect neurotoxins, with some toxins specific for SM targets and other 

toxins specific for CPE in insect prey.  Future research into the food sources of S. 
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terrosus would help illuminate whether the venom composition of S. terrosus has 

evolved to be specific for prey species that contain CPE as the main 

phosphosphingolipid.  Given the specificity of St_βIB1i and the paucity of CPE in 

humans, we also propose that St_βIB1i, or similar toxins, have potential as safe and 

highly specific insecticides if utilized in a transgenic system (9).   

 Despite the different substrate specificity of St_βIB1i, its structure is quite similar 

to the previously determined structures of a Class I enzyme (PDB: 1XX1) and a Class IIa 

enzyme (PDB: 3RLH).  St_βIB1i is most similar to LiRecDT1/3RLH and both Class II 

enzymes contain two disulfide bonds.  Major structural variations occurred in the flexible 

loop regions as previously observed between the class I and class IIa structures (45, 71).  

Docking experiments with LPC and LPE substrates and St_βIB1i suggested a location for 

the head group recognition pocket deep in the active site, away from variable loops.  The 

sequence and structure of this pocket is largely conserved between the different enzymes, 

and our docking results did not suggest that one substrate should be recognized better 

than the other, or that the toxins should differ in specificity.  

We nonetheless performed selected mutagenesis experiments to test pairs of 

residues previously proposed to be involved in substrate recognition (46, 51).  A 

St_βIB1i E134P/N95G variant demonstrated similar activity as the wild type enzyme.  

However, a St_βIB1i E134P/G195S variant did appear to reduce CPE turnover and 

possibly increase SM turnover.  A complete catalytic change of the  specificity of 

St_βIB1i to choline containing substrates was not observed.   
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Our results indicate a preference for ceramide phosphate over lysolipid substrates 

in all three PLD toxins studied.  Two separate groups using other assays have reported 

similar levels of LPC and SM turnover by α clade enzymes (48, 49).  However, these 

reports differ in both enzyme and assays used.  Further studies are needed to confirm if 

preference for ceramide based substrates observed in our assays is a general feature of the 

SicTox PLDs.  In terms of biological significance, it is worth noting that ceramide 

substrates exist at higher concentrations in the lipidome of insect prey than lysolipids 

(104, 136).  In addition, six membered cyclic phosphates may be more favorable to form 

(150) as opposed to five membered cyclic phosphate rings formed from LPC and LPE. 

Interestingly, we did not observe any turnover of the anionic lipids LPG and LPS, 

suggesting that zwitterionic phospholipids are required for substrate recognition. This is 

in contrast to the work of Lee and Lynch, who demonstrated that αIA1i from L. reclusa 

is extremely promiscuous against a wide variety of substrates (49).  Further research on a 

variety of Sicariidae PLD toxins is needed to ascertain the level of substrate ambiguity 

among the SicTox gene family.  

Potential reasons for St_βIB1i substrate recognition could be that the enzyme 

recognizes a ring structure formed by a hydrogen bond between the primary amine of 

CPE and LPE and a phosphate oxygen.  This ring structure can not form with choline due 

to steric hindrance as well as lack of a H-bond donor (151).  The SicTox PLDs proteins 

may also have different interfacial proprieties that allow them to recognize specific 

phospholipids  (87, 133, 138, 152).  In fact, the i-face (153) of the PLD toxins is currently 

not known.  Ligand docking experiments presented here suggest how substrates may be 

bound and how catalysis might occur.  However, future structural research with the 
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SicTox PLDs in which a phospholipid analog is co-crystallized with the enzyme may 

help to clarify why the Class IIb enzymes do not utilize choline containing substrates.  

The identification of the sequence determinants of substrate recognition is crucial for the 

development of potential therapeutics/inhibitors for these toxins, and could yield 

biomarkers to classify a newly discovered SicTox PLD as SM or CPE specific and thus 

as posing a higher or lower risk to humans.  

 

Materials and Methods 

Materials 

The following phospholipid substrates were purchased from Avanti Polar Lipids 

(Alabaster, Alabama, USA): 6:0 SM (6:0 SM, N-hexanoyl-D-erythro-

sphingosylphosphorylcholine), 8:0 LPC (1-octanoyl-2-hydroxy-sn-glycero-3-

phosphocholine), 14:0 LPC (1-myristoyl-2-hydroxy-sn-glycero-3-phosphocholine), 14:0 

LPE (1-myristoyl-2-hydroxy-sn-glycero-3-phosphoethanolamine), 12:0 SM (N-lauroyl-

D-erythro-sphingosylphosphorylcholine), CPE (N-lauroyl-D-erythro-sphingosyl 

phosphoethanolamine), 14:0 LPG (1-myristoyl-2-hydroxy-sn-glycero-3-phospho-(1'-rac-

glycerol)), LPS (L-α-lysophosphatidylserine from porcine brain). QuikChange Site-

Directed Mutagenesis Kit was purchased from Stratagene (La Jolla, California, USA). 

BugBuster and Benzonase nuclease were purchased from Novagen (Madison, 

Wisconsin).  Ni-NTA resin was purchased from Qiagen (Hilden, Germany).  All other 

chemicals were obtained from standard sources.  
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Cloning of coding sequence of SicTox isolates. 

Generation of cDNA libraries of SicTox homologs has been described previously 

(51).  To compare the levels of enzyme promiscuity in the SicTox PLD family, and to 

investigate substrate specificity in the β clade, we chose a set of three SicTox PLD from 

two different Sicariidae species. The three toxins in this study are: La_αIB2bi 

(gb:AY699703) and La_βID1 from L. arizonica ([accession # in process]); and St_βIB1i 

from S. terrosus ([accession # in process]).  La_αIB2bi has been identified and studied 

previously (75, 76) and is used here as a representative of the SicTox α clade.  St_βIB1i 

from S. terrosus was chosen as a representative of the β clade.  St_βIB1i is a close 

homolog to a previously reported (51) S. terrosus sequence, βIB1 (gb: FJ171474.1).  It 

differs in amino-acid sequence at five positions (N9I, I10M, A11G, E116D and I142T), 

and was identified from the same cDNA pool.  

 To obtain a divergent β clade paralog from L. arizonica, allowing for comparison 

of two intraspecific homologs, full transcriptome sequence analysis (via motif searching 

with next generation sequencing) was performed on venom gland, cephalothorax, and leg 

tissue from a single L. arizonica specimen.  One full length clone (locus #1239) was only 

found in venom gland tissue, suggesting that the gene product is a part of the venom of 

this species.  The predicted amino acid sequence of locus #1239 shares 85% sequence 

identity with LiRecDT5 (LiSicTox-βID1) from L. intermedia (40), a SicTox PLD 

reported to have diminished SMase D activity compared to α clade isoforms from the 
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same species.  Because of this relatedness, we named the 1239 clone ‘La_βID1’ as 

outline by the SicTox nomenclature (51).  

 For another β clade toxin, we isolated and expressed St_βIB1i from S. terrosus. 

St_βIB1i shares 69% sequence identity with LiRecDT3 (LiSicTox-βIA1i) from L. 

intermedia (42), another SicTox PLD reported to have diminished SMase D activity.  

St_βIB1i is the first SicTox PLD toxin from a Sicarius species to be described and 

characterized and St_βIB1i shares >60% identity with all previously characterized 

βI/Class IIb enzymes.  

 Signal sequences and mature protein sequences were predicted by analysis of the 

primary sequence with SignalP (154).  Cloning of DNA sequences, encoding the mature 

PLD toxins St_βIB1i and La_βID1 obtained from cDNA libraries, into pHis8 expression 

vectors (155) was performed as described previously for La_αIB2bi (75, 76).  Sequence 

variants of St_ βIB1i were generated using QuikChange site-directed mutagenesis 

according to manufacturer's protocol.  

Heterologous expression and purification of SicTox PLD toxins. 

N-terminally His8-tagged recombinant proteins were expressed from pHis8-toxin 

constructs in Escherichia coli strain BL21(λDE3), closely following published methods 

(73, 75).  Freshly transformed cells were grown by batch shaker fermentation at 37°C in 

1 L of 2X YT media (20 mg/mL tryptone, 10 mg/mL Bacto yeast extract, 5 mg/mL NaCl, 

pH 7) containing 30 µg/mL kanamycin. When the cultures reached an OD600 of ~0.6, 

overexpression was induced by addition of isopropyl β-D-1-thiogalactopyranoside 

(IPTG) to a concentration of 0.1 mg/mL.  After 2-3 h, cells were harvested by 
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centrifugation at 5,000 x g for 10 min.  To extract soluble proteins, pelleted cells were 

lysed with BugBuster Protein Extraction Reagent (Novagen. Madison, WI) according to 

manufacturer’s protocol. Cleared lysate was brought to ~20 mM imidazole by addition of 

NE250 buffer (0.1 M Tris-HCl [pH 7.4], 0.2 M NaCl, and 0.25 M imidazole), and loaded 

onto a gravity flow column containing 3 mL of Ni-NTA agarose resin (Qiagen) 

equilibrated in NW20 buffer (0.1 M Tris-HCl [pH 7.4], 0.2 M NaCl, and 20 mM 

imidazole).  Resin was washed twice with 30 mL of NW20 buffer following collection of 

flow through.  His8-tagged PLD toxin was eluted with 2 x 10 mL aliquots of NE250 

buffer.  Eluate fractions containing >80% pure protein, as judged by inspection of 

Coomassie-stained SDS-PAGE gels run under non-reducing conditions, were pooled, 

centrifugally concentrated to a volume of 2 mL, and loaded at a flow rate of 0.5 mL/min 

onto a HiPrep 16/60 Sephacryl S-100 HR column (GE Healthcare Life Sciences. 

Pittsburgh, PA) equilibrated in TBS buffer (0.1 M Tris-HCl [pH 7.4], 0.2 M NaCl).  

Fractions containing monomeric, purified protein were identified by SDS-PAGE 

analysis, pooled, centrifugally concentrated (MWCO ~10 kDa) to an appropriate volume 

and exchanged into a low ionic strength buffer (25 mM Tris-HCl [pH 8], 50 mM NaCl).  

Protein concentration was determined by ultraviolet absorption at 280 nm using 

extinction coefficients estimated from the ProtParam feature of the ExPASy Server (156).  

For 31P-NMR assays, concentrated protein was stored in 50% glycerol at -20°C until use. 

For crystallization trials, concentrated protein was either used immediately, or flash 

frozen and stored at -80°C. All enzymes could be heterologously expressed in E. coli 

systems and >95% enzyme purity was achieved by Ni affinity purification and size 

exclusion chromatography. 
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31P NMR enzymatic assays 

All 1D 31P NMR spectra were recorded at 310 K on a Bruker DRX-500 

spectrometer equipped with a BBO-500 MHz S2 5 mm probe with Z gradient. Spectra 

were acquired at a spectrometer frequency of 202.11 MHz with 1H decoupling. Data 

points (32 K) were acquired per spectrum at a spectral width of 80 ppm, with signal 

averaging over 99 scans. Spectra were obtained with a 60°  pulse width and a 7 s 

relaxation delay for quantitative signal integration. Samples for initial assays on short 

chain lipid substrates contained either 2 mM 6:0 SM solubilized with 2 mM Triton X-

100, or 80 mM 8:0 LPC, in 100 mM Tris-HCl [pH 7.4] containing 10 mM MgCl2, 1 mM 

trimethyl phosphate (TMP) as an internal chemical shift and concentration standard, and 

10% D2O (75).  Samples for assays on long-chain lipids were similar except that they 

contained 2 mM phospholipid substrate solubilized in 50 mg/mL CHAPS detergent. Each 

sample contained a volume of 0.6 mL in a 5 mm thin wall NMR sample tube. Following 

an initial spectrum obtained in the absence of enzyme, 10 µg of pure recombinant 

enzyme was added to the sample. After a delay of 5 min to allow for magnet shimming, 

five consecutive spectra were obtained at 15 min intervals.  Samples were then stored at 

37°C for 24 h and an NMR spectrum was obtained at that time.  Data were processed and 

analyzed with MestReNova 7.1.1 (Mestrelab Research, Santiago de Compostela, Spain). 

A baseline correction was applied to the spectra and quantitative peak integration was 

performed with the autodetect function in MestReNova.  All integrated peaks were 
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normalized to the 1 mM TMP standard.  Percentage values of substrate conversion to 

product were calculated by dividing the normalized integrated peak area of substrate 

resonance, at the allotted time point, by the same substrate signal before enzyme addition, 

multiplying by 100 and subtracting from 100.  Where no product signal was observed, a 

zero was assigned to indicate that substrate turnover was not detected in our assay.  

Substrate and product resonances were identified based on analogous results in a previous 

study (75).  

Crystallization trials of StSicTox-βIB1i 

Initial crystallization screens were carried out with a Phoenix robotic liquid 

dispenser (Art Robbins Instruments, Sunnyvale, CA) in a 96-well Intelli-Plate using the 

Index Crystallization Screen (Hampton Research, Aliso Viejo, CA).  Each sitting drop in 

the screen contained a mixture of purified βIC1i and precipitant solution at a ratio of 1:2 

or 2:1 in a total drop volume of 200 nL.  Tetragonal rods appeared within 24-48 h in 0.2 

M magnesium chloride hexahydrate, 0.1 M Bis-Tris-HCl [pH 5.5], 25% w/v PEG-3350.  

Crystal growth was optimized in 24-well plates using the hanging drop method with 2 µL 

of 3 mg/mL purified βIC1i to 2 µL of precipitant containing between 10-25% PEG 3350 

buffered with 0.1 M Bis-Tris [pH 5.5] and 0.2 M magnesium chloride hexahydrate.  Thin, 

rectangular crystals grew in 6-8 d from precipitant solution containing 14% PEG 3350.  

Crystals were crushed and added to decreasing concentrations of PEG 3350 for seeding 

trials.  Diffraction quality crystals of βIC1i grew in a precipitant solution containing 12% 

PEG 3350, 0.1 M Bis-Tris [pH 5.5], 0.2 M magnesium chloride hexahydrate.  Large 

single crystals (0.2 x 0.3 x 0.4 mm) were flash frozen using 40% PEG 3350 as a 

cryoprotectant.  
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Diffraction and model building of St_βIB1i 

Diffraction data for crystals of St_βIB1i were collected remotely on beam line 7-1 

at the Standard Synchrotron Radiation Laboratory using Blu-Ice software (157).  The 

phase problem was solved with molecular replacement using the programs Chainsaw and 

MR phaser of the CCP4 suite (158).  The crystal structure of a homologous toxin from L. 

intermedia (PDB ID 3RLH, chain A) was used as a starting model.  Manual model 

building and modification was performed using COOT (159).  Solvent flattening and 

standard refinement with Refmac5 (144) yielded an Rcrys of 18% and an Rfree of 24%.  

Ten rounds of TLS refinement were performed using the TLS motion determination 

server (146, 160).  TLS analysis yielded a new Rcrys of 16% and a new Rfree of 20%.  

Coordinates have been deposited in the RCSB Protein Data Bank under PDB ID 4Q6X.  

In silico docking studies 

In silico docking of substrates to StSicTox-βIB1i was performed using Autodock 

Vina (161).  PDBQT files for StSicTox-βIB1i receptor and substrate ligands were 

prepared using UCSF Chimera 1.8.1 (162) and/or AutoDockTools-1.5.6 in the 

MGLTools package (http://mgltools.scripps.edu).  StSicTox-βIB1i contains two active 

site histidine residues, His 11 and His 47.  In one set of runs, His 11 was deprotonated, 

while His 47 was protonated, the starting configuration in the mechanism proposed by 

Shi et al. (84) for GDPD enzymes; in a second set of runs, the opposite configuration was 

used. For docking of LPE and LPC substrates, the dihedral angles for the 

phosphoglycerol moiety of the ligand were restricted to a conformation in which the 2-

hydroxyl group was poised to attack the phosphorus atom, leading to CPA formation. 
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This conformation was based on the observed geometry of sn-glycerol-3-phosphate found 

in the active site of a glycerol phosphodiester phosphodiesterase from Oleispira 

antarctica (PDB ID: 3QVQ). Substrate molecules were docked into a 30 Å x 30 Å x 30 Å 

box centered on the Mg atom in the active site of StSicTox-βIB1i.  The charge on Mg 

was manually set at +2. The binding mode search was conducted at maximal 

exhaustiveness setting. For each ligand in each protonation state of the enzyme, 30-60 

binding modes were calculated, depending upon the strength of structural consensus 

observed among the lowest five modes in a smaller initial test calculation (strong for 

LPE; less strong for LPC). In the docking of LPE, the lowest overall energy binding 

modes calculated for the two histidine protonation states were practically identical. For 

LPC, however, docking to the His 47-protonated version of StSicTox-βIB1i yielded a 

highly improbable lowest energy mode in which the phosphate group was ~10 Å from the 

Mg center. Results were visualized using UCSF Chimera. 
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CHAPTER FOUR 

GENERATION OF CYCLIC PHOSPHATE PRODUCTS BY A BACTERIAL 

HOMOLOG OF THE SICTOX PLD TOXINS 

Overview 

 As presented in Chapter 1, the SicTox PLD toxins share an evolutionary history 

with the glycerophosphodiester phosphodiesterase (GDPD) enzyme family (46, 53, 55), 

as evidenced by a shared tertiary fold ((α/β)8 barrel), the conservation of two key active 

site histidines, and three acidic residues involved in coordinating a divalent metal 

cofactor (46, 55).  As demonstrated in Chapter 2, SicTox PLD toxins perform cyclization 

chemistry (75).  Intriguingly, a leading mechanism for the GDPDs involves a first step 

equivalent to the cyclization chemistry catalyzed by the SicTox PLDs (Figure 1-5B), 

forming a cyclic intermediate.  In the second step, hydrolysis occurs, releasing glycerol 1-

phosphate. Thus, recruitment of an ancestral GDPD for toxin activity may have involved 

modification of the GDPD scaffold to create an enzyme which generated cyclic 

phosphates but did not catalyze their hydrolysis. 

 SicTox toxins have two notable characteristics that, taken together, distinguish 

them from other phospholipase D enzymes.  First, they are non-HKD PLD enzymes, 

meaning that they do not contain the catalytic HKD motif present in most PLD enzymes 

characterized to date (87).  Second, SicTox toxins contain a unique, irregular C-terminal 

plug motif (CPM) that ‘plugs’ the N-terminal end of the β barrel (55, 59).  Tests on the 

functional utility of the CPM have not been reported, but structural analysis suggests that 

the CPM stabilizes the overall tertiary fold of this exogenous toxin as it forms hydrogen 
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bond contacts with seven of the eight inner β strands, and helps to form the hydrophobic 

core (53, 55, 59). 

 In 2006, Cordes and Binford (55) first described the CPM and the strict 

conservation of its ATxxDNPW sequence pattern in the spider toxins (Figure 4-1).  

Interestingly, the CPM is not present in GDPD enzymes, but was found in a small group 

of Non-HKD PLD enzymes common to certain species of pathogenic bacteria of the 

genera corynebacterium and arcanobacterium (48, 62, 65, 67, 68, 108-111, 113-116).  

These exogenous bacterial PLD toxins may aid in pathogenesis, either by modifying lipid 

rafts in the host cell, leading to host cell death (65), or by generating the signaling 

molecule LPA, leading to activation of an immune response (48).  These bacterial toxins 

also share the conserved active site residues present in GDPDs and SicTox PLDs, 

pointing to distant homology between all three enzymes.  Cordes and Binford further 

suggested that because of its unique sequence-structure pattern, the CPM was a structural 

synapomorphy pointing to a single evolutionary origin for both the spider and bacterial 

toxins, from a GDPD ancestor. 

To explain the presence of related Non-HKD PLD toxins in two taxa as distantly 

related as spiders and bacteria (but nowhere else, at the time), Cordes and Binford 

proposed a lateral gene transfer (LGT) scenario followed by functional divergence of the 

gene (55).  The alternatives to LGT between spiders and bacteria are 1) independent 

recruitment events of a GDPD for toxin activity followed by serendipitous convergent 

evolution of the CPM, or 2) widespread gene loss in species deriving from the last 

common ancestor of the spiders and the bacteria.  The latter is highly unlikely given the 

evolutionary distance between the Eukaryota and Prokaryota.  
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 Since 2006, more sequences have become available. Fry et al. (58) and Dias-

Lopes et al. (59) have used remote homology detection to show that many more PLD 

toxins with the CPM do in fact exist in Nature, albeit with sporadic taxonomic 

distribution.  Particularly interesting is the isolation of PLD homologs of unknown 

function from multiple fungal organisms (58, 59).  Phylogenetic analysis (Figure 4-2) of 

all known non-HKD PLD toxin homologs has suggested that bacterial and fungal 

homologs are monophyletic, whereas the spider toxins are monophyletic with other 

arachnid PLDs, such as those isolated from ticks (61).  Fry et al. and Dias-Lopes et al. 

argue that if direct LGT occurred between spiders and bacteria, one would expect the 

spider and bacterial PLD toxins to form a clade from the rest of the known PLD toxin 

homologs (Figure 4-2).  Instead, they propose independent recruitment events of GDPD 

enzymes for toxin activity followed by convergent evolution of the CPM.  

 LGT remains a valid theory to explain the unique evolution and history of the 

PLD homologs if the LGT occurred in at least two steps: first, a relatively ancient 

transfer, perhaps between ascomycete fungi and arachnids (or some arachnid ancestor), 

followed by a second, more recent transfer from fungi to bacteria.  This scenario is 

attractive given the monophyletic relationship between the fungal and bacterial toxins, 

and the fact that the SicTox toxins have a very ancient presence in the arachnid lineage 

(52).  LGT is also supported by the high sequence conservation of the CPM across all the 

PLD toxin homologs.  

The work of Fry et al. (58) and Dias-Lopes et al. (59) led us to speculate on the 

evolutionary history of the non-HKD PLD toxin homologs and the potential functions 

these PLDs could be performing in fungal and bacterial hosts.  If cyclization chemistry 
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(without any hydrolysis) is common to all the PLD homologs, then it is a shared 

phenotype between the toxins that is absent in GDPDs under most conditions.  Such a 

finding would further support LGT, and would also suggest that the generation of cyclic 

phosphate products versus hydrolytic products yields a fitness advantage to toxic and/or 

pathogenic organisms that carry the PLD toxin.  

 To test whether evolutionarily distant non-HKD PLD homologs catalyze 

cyclization chemistry, we studied one bacterial and one fungal PLD homolog (Figure 4-

1).  For the fungal PLD homolog, we chose a hypothetical protein from Coccidioides 

posadasii (accession: EFW19765.1) that is homologous to other known PLD toxins.  C. 

posadasii is a fungal species known to cause coccidioidomycosis, or ‘valley fever,’ in the 

American southwest (163).  For a bacterial PLD homolog, we obtained a plasmid 

construct encoding a PLD from Arcanobacterium haemolyticum (AH-PLD).  Previous 

work with AH-PLD (65) has established that the toxin aids A. haemolyticum in cell 

adhesion via remodeling of lipid rafts of the host cell via SMase D activity.   

This work currently forms a dissertation chapter only.   

The AH-PLD construct was provided as a gift by D McGee of Louisiana State University 
and was originally constructed by EA Lucas. All work was performed by DM Lajoie.  
Data analysis by MH Cordes and DM Lajoie 
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Figure 4-1: Multiple sequence alignment of PLD toxins presented in this work. AH-
PLD: a PLD toxin from Arcanobacterium haemolyticum (accession: WP_013170307.1) 
and a previously characterized PLD toxin.  Cocci_PLD: a protein from Coccidioides 
posadasii (accession: EFW19765.1) with close sequence similarity to that of a PLD 
toxin.  The activity and function of this fungal protein is currently unknown. La_BID1i, 
St_BIB1i, and La_aIB2bi are the SicTox toxins La_βID1i, St_βIB1i, La_αIB2bi 
(respectively) characterized in Chapter 2 and Chapter 3.  AH-PLD and Cocci-PLD share 
50% sequence identity with each other but share <27% sequence identity with any of the 
SicTox enzymes.  Key active site residues are highlighted similar to Figure 3-3. The C-
terminal plug motif (CPM), which has the sequence ATxxDNPW in the SicTox PLDs, is 
denoted with a blue box.  Besides the loss of Asn at position 6 in the fungal and bacterial 
PLD motifs, the CPM is well conserved across all the PLD toxins.   
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Figure 4-2: NJ tree of PLD homologs as identified by Dias-Lopes et al. (59).  Note 
that the arachnid PLD toxins (spiders: green, ticks: purple) form their own clade distinct 
from the fungal (brown) and bacterial (blue) PLD toxins.  This figure is adapted from 
Figure 6 in Dias-Lopes et al. (59). 
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Results 

Ongoing work with Cocci PLD  

Codon-optimized synthetic DNA encoding Cocci-PLD was successfully cloned 

into a pHis8 expression vector, which has proven to be a successful strategy for other 

SicTox PLD toxins (75, 76).  However, as of the time of this writing, efforts to express 

Cocci-PLD in E. coli have not been successful.  Cytosolic expression of correctly folded, 

soluble protein may be discouraged by the presence of an extra disulfide bond in the 

Cocci-PLD sequence that is not present in the AH-PLD or the SicTox PLDs (Figure 4-

1).  Efforts to obtain purified active Cocci-PLD protein are ongoing. 

AH-PLD catalyzes formation of cyclic phosphate products exclusively 

 We expressed recombinant N-terminally His8-tagged AH-PLD in E. coli.  Purified 

protein was obtainable in two steps (Figure 4-3).  To assay for SMase D activity, we 

added 20 µg of AH-PLD to 2 mM 12:0 SM and monitored the reaction by 31P-NMR 

(Figure 4-4).  Nearly all of the substrate was converted to cyclic ceramide phosphate 

(CCP) in the dead time of the experiment.  As with the SicTox PLD toxins, no monoester 

product formed and the CCP product did not break down to another phosphate product.  

 To test for lyso-PLD activity, 20 µg of AH-PLD was added to a mixture of 14:0 

LPC (2 mM) and 14:0 LPE (2 mM).  As with the SicTox PLD toxins, cyclic phosphatidic 

acid (CPA) is the only phosphate product observed.  Interestingly, we also observe a 

substrate preference by AH-PLD for choline-containing headgroups (SM and LPC) 

similar to the substrate specificity observed with La_αIB2bi in Chapter 3.  After 24 h, 
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85% of the total LPE substrate remained in the sample while all the LPC was consumed 

within the first hour.   
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Figure 4-3: Purification of AH-PLD. A) Nonreducing SDS-PAGE analysis of 
purification of the nickel affinity chromatography fractions. The labels refer to cleared 
lysate (Load), flow through (FT), wash (W1 and W2), and eluate (E1 and E2) fractions.  
B) Size exclusion chromatography (SEC) of pooled and concentrated eluate (E1 and E2) 
from (A).  C) Nonreducing SDS-PAGE analysis of the fractions spanning the second 
major peak of (B), indicated with an asterisk.  Ni affinity and SEC purified AH-PLD was 
pooled, concentrated and stored in 50% glycerol at -20°C.
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Figure 4-4: 31P-NMR assays of AH-PLD with phospholipid substrates.  Each assay 
contained 2 mM of phospholipid substrate.  After an initial spectrum prior to the addition 
of enzyme, 20 µg of purified recombinant AH-PLD was added to the sample (see 
Materials and Methods). Top: enzyme activity against sphingomyelin (SM).  Only cyclic 
ceramide phosphate (CCP) is produced and monoester phosphate is never detected. 
Bottom: competition assay between lysophosphatidylethanolamine (LPE) and 
lysophosphatidylcholine (LPC).  As observed with La_αIB2bi in Chapter 3, there is a 
strong preference by AH-PLD for choline-containing substrates.  As with the SicTox 
PLDs, there also appears to be  faster turnover of ceramide containing lipids Inset: 
scanning electron micrograph of A. haemolyticum (107). 
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 Conclusions 

 Like SicTox PLD toxins, bacterial PLD toxins have been reported or assumed to 

be hydrolytic enzymes that generate ceramide 1-phosphate upon lysis of SM (65, 67, 87, 

115) and LPA upon lysis of LPC (48).  However, none of these reports directly 

spectroscopically characterized the phosphate products generated by the bacterial PLDs.  

Using 31P-NMR, we demonstrate that a bacterial PLD toxin exclusively generates cyclic 

phosphate products analogous to what has been observed with SicTox PLD toxins (75).   

The results reported here may help to explain previous observations on the effects 

of AH-PLD on human cells.  Lucas et al. (65) demonstrated that AH-PLD is a virulence 

factor for A. haemolyticum in bacterial adhesion, and ultimately cell death, of the host 

cell.  AH-PLD rearranges lipid rafts on plasma membranes of epithelial cells, promoting 

bacterial invasion of the host.  Lipid rafts contain high concentrations of SM and 

cholesterol (164), and Lucas et al. observed that supplementing host cells with cholesterol 

lessened lipid raft rearrangement and bacterial adhesion to the host cell.  A critical aspect 

of SM is its ability to form intramolecular hydrogen bonds with cholesterol and other SM 

molecules (165).  This interaction helps to maintain dense packing of SM in lipid rafts 

and ultimately increases the compactness and impermeability of the plasma membrane.  

Formation of ceramide-1-phosphate does not disrupt the 2-hydroxide moiety involved in 

these bonds, but in forming CCP, the ceramide moiety loses the ability to form 

intramolecular hydrogen bonds, possibly leading to loss of membrane integrity (65). 

Comparisons between toxin function, etiology, and structure of the SicTox PLD 

and the bacterial PLDs have been made previously (62, 68).  Cordes and Binford (55) 
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first noted the conservation of the unique and homologous CPM as evidence in support of 

LGT.  The only systematic sequence difference between the CPM in the bacterial/fungal 

PLDs and the spider toxins is a single residue: Asn 278 (Figure 4-1 (58)).  The 

bacterial/fungal PLD toxins share <27% sequence identity with the arachnid PLDs, yet 

the catalytic residues and CPM are both highly conserved.  We have now also 

demonstrated conservation of an unusual reaction chemistry and substrate preference 

among the non-HKD PLD toxins.  This result adds to the observations of high 

conservation of key residues involved in catalysis and tertiary structure among this PLD 

family.  The fact that the Non-HKD PLD toxins all share these features reinforces 

support of single evolutionary origin.  We therefore maintain that LGT remains a valid 

postulate to explain the unique evolution and dispersal of the PLD toxins in Nature.   

Materials and Methods 

Cloning of coding sequence of AH-PLD and Cocci-PLD 

 The gene corresponding to the mature PLD toxin from A. haemolyticum 

(accession: WP_013170307.1) was previously cloned (65) into a pTrcHisB expression 

vector (Invitrogen Carlsbad, CA).  The plasmid containing AH-PLD was a gift from Dr. 

David McGee of Louisiana State University.  The N-terminal His8-tagged protein is here 

referred to as AH-PLD.  Codon optimized DNA encoding mature PLD enzyme from 

Coccidioides posadasii (accession: EFW19765.1) was purchased from Biobasic 

(Markham, Canada) and cloned into a pHis8 expression vector as previously described 

(76).  This construct is referred to here as Cocci-PLD.  

Heterologous expression and purification of AH-PLD 
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Efforts to express Cocci-PLD at the time of this writing have not yet been 

successful.  AH-PLD, however, expressed in soluble active form using protocols for 

SicTox PLD expression described in the Materials and Methods section of Chapter 3.  

Figure 4-2 illustrates AH-PLD expression and purification.  Ni-affinity and size 

exclusion purified AH-PLD was concentrated to 2.4 mg/mL in 50 µL of buffer.  AH-PLD 

was stored in 50% glycerol at -20°C until use.  

31P NMR 

 All 31P NMR assays were performed as described for the CHAPS assays in 

Chapter 3 Materials and Methods.  Briefly, an initial spectrum was obtained of 

phospholipid substrate (either 2 mM of 12:0 SM or 14:0 LPE/14:0 LPC) with 50 mg/mL 

CHAPS in a buffered solution. The 20 µg of AH-PLD was added and five consecutive 

spectra were obtained at 15 min intervals, followed by another spectrum at approximately 

24 hrs after enzyme addition.  Product resonances were identical to the products 

identified in Chapter 2 and Chapter 3.   
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CHAPTER 5 

A CURRENT VIEW OF LOXOSCELISM 

Overview 

 SicTox PLD toxins elicit a variety of cellular responses in mammalian tissues, 

making the disease state of loxoscelism (13-16) difficult to study.  The processes 

documented include haemolysis (33), platelet aggregation (44), platelet activation (166), 

circulatory shock (18), nephrotoxicity and renal failure (38), hemorrhaging (19), cytokine 

release (61, 91), and dermonecrosis at the site of envenomation (15, 16, 79).  These 

complications all appear to result from a host immune response to the presence of PLD 

toxin.  Specifically, PLD toxins are known to activate the alternative complement 

pathway (ACP) in mammalian systems (50, 79, 117, 118, 124).  ACP activation may 

explain a variety of complications associated with loxoscelism, but it is unknown how 

ACP is activated by PLD toxin.  In this short review, I describe the role of ACP in 

loxoscelism, and suggest how the findings of this dissertation may bear upon the question 

of ACP activation by toxin.  

This work currently forms a dissertation chapter only.  

All literature research and writing was performed by DM Lajoie.  Organization, editing, 
and ideas were based upon discussions between DM Lajoie and MH Cordes 
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The alternative complement pathway.  

 The complement system is a part of the innate immune system and is part of the 

first line of defense against foreign invaders attacking the body (167).  The complement 

pathway can perform a variety of functions (168), but for the understanding of 

loxoscelism, I will focus only on the ability of the complement pathway to invoke cell 

lysis through formation of a membrane-attack complex (MAC) (169).  MAC is typically 

created on the surface on foreign pathogens and involves five proteins that form a pore in 

the plasma membrane of the pathogen.  This pore disrupts the ability of the foreign cell to 

maintain osmotic balance and regulate ion diffusion.  If enough MAC pores form, the cell 

dies (170).  MAC formation results from both the classical and alternative pathways of 

the complement immune system. For this review, I will only focus on the alternative 

pathway, as this system has been specifically implicated in loxoscelism (50, 117, 118). 

 The alternative complement pathway has been reviewed extensively elsewhere 

(171-173).  For present purposes, a brief review of ACP follows. The alternative pathway 

is a result of the ability of C3, an immune protein commonly found in human blood 

plasma (174), to undergo spontaneous hydrolytic cleavage to yield C3b.  This cleaved C3 

protein then performs two important functions: it recognizes and binds to the cell surface 

of pathogens, and interacts with a zymogen called Factor B.  Factor B, when bound to 

C3b, is cleaved by Factor D to yield the active serine protease Bb.  Together, C3b and Bb 

form a complex known as C3-convertase (175) which remains bound to the surface of the 

foreign body and cleaves more C3 to create more C3b, thus amplifying activation.  

Eventually, another C3b protein binds the C3-convertase creating a complex called C5-

convertase (stabilized by a protein called Factor P).  C5-convertase then cleaves C5 to 
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C5a and C5b.  C5a is an anaphylatoxin (176), which is a cell signaling peptide that causes 

local inflammation and immune response.  C5b is one of the main components of the 

MAC complex and interacts with proteins C6-C9 to form the pore leading to death of the 

foreign cell.   

 Because C3b is present in human serum, regulation of the alternative pathway 

often occurs through regulation of C3b and formation of C3-convertase.  One form of 

regulation is carried out by endogenous complement regulatory proteins found on the cell 

surface of host cells (177, 178).  These proteins bind to components of the C3 and C5 

convertase complexes and downregulate their activities.  In the alternative pathway, one 

particularly important regulator protein is Factor H (175, 179).  Factor H is a large (155 

kD) glycoprotein that can bind to sialic acid and glycosaminoglycan residues on the 

surface of vertebrate cells.  Once bound, Factor H regulates C3-convertase formation by 

competing with B for binding to C3b and by accelerating decay of C3-convertase and 

C3b.  Because bacterial cells do not often contain the same extracellular sugar makeup as 

vertebrate cells, Factor H cannot bind to foreign bodies.  Thus, Factor H binding 

preferentially protects host cells.  I will return to the subject of Factor H activity later.  

Alternative complement pathway and	  loxoscelism 

 In 1978, Futrell et al. (180) reported that complement activation by Loxosceles 

envenomation resulted in cellular lysis. Using L. reclusa venom, the authors pretreated 

red blood cells (RBCs) with venom and then added them to compatible serum that was 

either heat treated or not.  In heat treated serum, venom exposed erythrocytes did not 

lyse.  In untreated serum, lysis of RBCs did occur.  Thus, exposure of RBCs to toxin did 
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not cause mechanical lysis of cells, but instead triggered an enzyme cascade in the serum, 

which then led to cell lysis.  This enzyme cascade appeared to represent activation of the 

complement system, because Futrell et al. observed that haemolysis of venom treated 

cells were stymied when the serum was treated with a variety of complement inhibitors.  

Tambourgi et al. 1995 (181) followed upon the work of Futrell et al. and 

demonstrated that complement-dependent hemolysis occurred with a variety of venoms 

from New World Loxosceles species. They also showed that the main toxin component, 

SicTox phospholipase D (PLD), was responsible for this activation.  Variations of Futrell 

et al. and Tambourgi’s work have recapitulated that hemolysis by PLD toxin exposure 

occurs by complement activation via the alternative pathway (49, 67, 79, 117, 118, 182).  

These discoveries may aid the development of therapeutics to treat loxoscelism. 

 One unsolved question is how the complement pathway is triggered by the 

presence of toxin (91).  Recently, Gehrie et al. 2013 (118) demonstrated that eculizumab, 

a monoclonal antibody specific for C5, significantly decreased hemolysis in plasma that 

have been exposed to PLD toxin.  Reflecting on the need for complement activation, the 

authors remarked: “the explanation which we favor is that exposure to venom[/ PLD 

toxin] enzymatically alters the RBC membrane, making it vulnerable to non-specific 

attachment of immune globulin and complement, eventually resulting in hemolysis.”  The 

altering of the extracellular membrane of mammalian cells leading to activation of the 

complement pathway will be considered in the next sections.  
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Figure 5-1: Comparison of the ceramide phosphate products formed by the action of 
sphingomyelinase D (SMase D).  SMase D cleaves the diester bond between phosphate 
and the choline headgroup (shown in red), releasing choline as an alcohol.  If SMase D 
occurs via a hydrolytic reaction, then a water molecule is added and the product is 
ceramide 1-phosphate.  The alternative to hydrolysis is a transphosphatidylation reaction 
in which the hydroxyl at position 3 of SM attacks the phosphate, forming a cyclic 
phosphate with a 6-membered ring.  
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Cyclic ceramide phosphate and the loss of a hydrogen bond   

Sphingomyelinase D (SMase D) enzymes cleave the diester bond between 

phosphate and the choline headgroup, releasing choline as an alcohol (Figure 5-1).  In 

Chapter 2 and Chapter 3, I demonstrated that SMase D activity by the SicTox PLD toxins 

forms a 6-membered cyclic ceramide (1,3) phosphate (CCP) product via a 

transphosphatidylation reaction, and not ceramide 1-phosphate (C1P) as previously 

posited.  CCP and C1P share similar properties in that they are both anionic 

phospholipids that have lost the head group moiety present in sphingomyelin.  A distinct 

feature of CCP, however, is the loss of the free hydroxyl on the ceramide moiety (Figure 

5-1). The loss of the free hydroxyl decreases the ability of the CCP to form 

intramolecular hydrogen bonds with phosphate ester oxygens (165) as well as 

intermolecular hydrogen bonds with the primary amine of neighboring SM molecules 

(183, 184) or other lipids such as cholesterol (164).  These hydrogen bonding capabilities 

make SM unique among diacyl phospholipids and, along with the presence of primarily 

saturated fatty acids, allow for high-density packing of SM in membranes.  This property 

allows cells to increase the compactness and impermeability of plasma membranes as 

well as to create lipid rafts with cholesterol (65, 152).   

I therefore propose that formation of CCP is more disruptive to membrane 

integrity and lipid rafts than formation of C1P would be, and that this disruption triggers 

complement activation. The loss of the free hydroxyl of SM, and therefore intermolecular 

hydrogen bonding, is a plausible source of this disruption, though other structural features 

of CCP, such as its ring structure, could also contribute.  
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Potential mechanisms of complement activation by SicTox PLD activity.  

The disruption of membrane integrity from PLD toxin activity. 

 Plasma membranes of mammalian cells are asymmetric in terms of phospholipid 

makeup on the inner and outer leaflets of the bilayer.  Zwitterionic phospholipids like 

phosphatidylcholine (PC) and SM are found predominantly on the outer leaflet of the 

membrane, while anionic lipids are found more often on the inner leaflet.  In fact, 

phosphatidyl serine (PS) is exclusively found in the cytosol of mammalian cells (185).  

This organization has important implications for cell survival: when loss of membrane 

asymmetry exposes PS on the cell surface, the cells are recognized as apoptotic and 

targeted by phagocytes (186, 187) and the complement system (188).  The loss of 

membrane asymmetry, coupled with the exposure of PS on the outer leaflet, has been 

proposed as a possible means of complement activation in loxoscelism (16, 117, 124).  

 The loss of membrane asymmetry by PLD toxin activity on mammalian cells has 

not yet been demonstrated. However, loss of membrane integrity due to SicTox PLD 

toxin activity may have been demonstrated recently by Stock et al. (131).  Using giant 

unilamellar vesicles (GUVs) of predominantly SM doped with a fluorescent die, the 

authors measured the effects of SMase I (a SicTox PLD toxin from L. laeta) on the 

membrane model.  These GUVs maintained a spherical shape after exposure to control 

enzymes.  GUVs containing both SM and C1P, the suspected product of SMase I, also 

maintained a spherical shape.  Interestingly, however, when SMase I was added to SM-

rich GUVs, the vesicles lost their shape and stability.  Using smaller SM-rich liposomes, 

Stock et al. also noticed that SMase D activity by the SicTox toxin “causes a marked 
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increase in the mean size of the lipid structures.”  Given that the suspected product of 

SicTox SMase D activity at the time was C1P, the authors concluded that rapid C1P 

production in situ by SMase I enzyme activity was a plausible explanation for their 

observed results.   

Our finding that SicTox PLDs exclusively make CCP from SM may help to 

explain the findings of Stock et al.  In our 31P-NMR assays in Chapter 2, we observed 

precipitation in micelle formation of SM, Triton X-100 and CCP.  Therefore, generation 

of large liposome structures of CCP and SM may be inhibited by CCP insolubility.  If 

feasible, an ideal experiment would be to construct GUVs with PS on the inner leaflet 

and SM on the leaflet and expose the GUV to a PLD toxin.  As SM is converted to CCP, 

and the vesicle integrity is compromised, PS may become exposed to the outer leaflet and 

thus serve as potential model for alternative complement activation.  

The loss of glycophorins on erythrocytes from PLD toxin activity.  

 As previously mentioned, mammalian cells have endogenous complement 

regulatory proteins (CRP) that help the immune system recognize host cells by 

preventing C3- and C5-convertase formation.  One such CRP is glycophorin, found in the 

plasma membranes of RBC.  Glycophorins are heavily glycosylated transmembrane 

proteins that help prevent cellular aggregation by creating a hydrophilic ‘coat’ on the 

surface of the cells, as well as serve as an antigen for cellular recognition (189).  

Glycophorins are also important regulators of the alternative pathway (190).  This 

regulation is thought to result from the preference of Factor H (see above) to bind sialic 

acid, which glycophorins are rich in.  It has been demonstrated that the alternative 
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pathway is activated on RBCs upon removal of sialic acid (191).  Therefore, removal of 

glycophorins may prevent Factor H binding. 

 Two separate groups have demonstrated that glycophorins are cleaved from the 

extracellular surface of erythrocytes upon exposure to PLD toxins (118, 192).  The work 

of Tambourgi and company has suggested that glycophorin loss results from activation of 

an endogenous metalloprotease by the SicTox PLDs which specifically cleaves the 

glycophorins (16, 117, 192).  The activation of a signaling cascade leading to 

metalloprotease generation by PLD toxin activity is certainly plausible.  However, the 

loss of membrane integrity upon CCP formation could also explain glycophorin loss 

(proteolytic or not) in RBCs, as the glycophorins are transmembrane proteins with close 

phospholipid contact.  Future research with vesicle models and glycophorins exposed to 

PLD toxin are needed to see if CCP affects the ability of glycophorins to remain buried in 

the membrane.  

PLD toxin activity on ion channels.  

 Ion channels are transmembrane proteins that regulate the flow of ions across cell 

membranes and are crucial in regulating electrophysiology and overall homeostasis of a 

cell.  Ion channels are often targeted by low molecular weight toxins found in spider 

venom (3, 193, 194).  However, two groups have discovered that SicTox PLD toxins can 

also activate potassium voltage-gated (Kv) ion channels.  The work of Ramu et al. (195) 

demonstrated that oocytes exposed to PLD toxin from L. reclusa activated Kv channels 

above resting potentials.  The toxin might cause this effect by altering the overall 

membrane charge on the oocyte as SMase D conversion forms an anionic phospholipid 
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from the zwitterion SM.  Milescu et al. (196) elaborated on the work of Ramu et al. and 

investigated whether hanatoxin, a Kv inhibitor, can still function in the presence of a 

SicTox PLD toxin.  Curiously, SicTox PLDs dramatically affect hanatoxin binding to the 

Kv channel “suggesting that SM interacts intimately with the channel in such a way that 

it influences the toxin channel interaction.”   

 The effect that SicTox PLD activity has on ion channel function warrants further 

investigation.  Presumably, the intimate relationship of transmembrane proteins and SM 

(in lipid rafts) can be disrupted upon conversion to CCP.  Potentially, the loss of SM may 

trigger a loss of function in nearby ion channels, thereby leading to cell death or 

dysfunction.  

Conclusions 

 A particularly interesting hallmark of loxoscelism is the timing of the disease 

state.  Often patients do not realize that they have been bitten/envenomated, as the 

pathology only manifests itself hours after venom exposure (15, 16, 19, 45).  Gehrie et al. 

(118) have approximated a half life of RBCs exposed to venom in human plasma at about 

96 hours, with nearly 10% of cells lysed at about 4 hours.  The time needed for hemolysis 

to ensue agrees with previous work that attempted to quantify the time course of 

complement activation in vivo (197).  Therefore, many of the symptoms associated with 

loxoscelism may result from an aggressive immune response to cells that have been 

exposed to PLD toxin following ACP activation. 

 A current view of loxoscelism I would like to present is that formation of CCP, an 

uncommon phospholipid in nature, exerts unique effects on plasma membrane integrity, 
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asymmetry, extracellular makeup, and overall function.  Downstream effects may include 

exposure of PS on the extracellular surface and/or loss of membrane-associated proteins.  

In this way, the SicTox PLD toxins ‘trick’ the host immune system into recognizing 

toxin-exposed cells as foreign bodies.  An aggressive immune response follows, which 

includes inflammation and activation of the complement pathway leading to necrosis of 

the cell.   
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