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Abstract 

 

Arcanobacterium haemolyticum, a Gram-positive bacterium, is an under-reported 

agent of disease, causing pharyngitis, wound infections and a variety of invasive diseases.  

This work characterized a known A. haemolyticum toxin, phospholipase D (PLD), and 

determined its possible role in bacterial virulence.  In addition, a novel toxin, arcanolysin 

(ALN), was identified and characterized.  A draft genome sequence was determined and 

several additional virulence factors that may aid in disease pathogenesis were identified. 

PLD was present in all strains of A. haemolyticum tested, and was expressed 

maximally during logarithmic growth.  Recombinant PLD caused lipid raft 

rearrangement on the surface of HeLa cells in a dose-dependent manner.  This 

rearrangement allowed maximal bacterial adhesion to the host, with a pld knockout 

adhering only 39.7% to HeLa cells as compared to wildtype.  Loss of production of PLD 

did not affect bacterial invasion.  However, PLD expressed by intracellular bacteria was 

cytotoxic to host cells, as determined by 3-(4,5-dimethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium/phenazine methosulfate 

(MTS/PMS) viability assays.  PLD caused host cell death via necrosis as determined by 

transmission electron microscopy.  PLD did not induce apoptosis, as caspases 3/7 and 9 

were not elevated in HeLa cells infected with wildtype A. haemolyticum. 

A. haemolyticum also expresses a Cholesterol-Dependent Cytolysin (CDC), ALN.  

Like pld, aln was present in all strains tested.  ALN displays a variant undecapeptide and 

an unusual N-terminal extension not found in most other CDCs.  Recombinant ALN 
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shows significantly increased activity against cultured cells and erythrocytes of human 

origin, compared with intermediate activity on rabbit and hamster cells, and low to no 

activity on bovine and ovine cells as measured by hemolysis, cytotoxicity and membrane 

binding assays.  ALN was less inhibited by free cholesterol when compared with other 

CDCs, indicating the possibility of alternative receptor binding. 

The A. haemolyticum genome was sequenced to >20X coverage, and assembled to 

50 contigs covering ~95% of the genome.  The genome is ~1.95Mb with a mol %G+C of 

53.1% and contained no plasmids.  pld and aln have a reduced mol %G+C of 47.2% and 

46.5%, respectively, indicating the possibility of gene acquisition by horizontal transfer.  

Initial bioinformatics analysis identified genes encoding a protease, an extracellular 

DNase, two neuraminidases and three fimbrial biosynthetic operons were also identified 

within the genome. 
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Chapter 1: Introduction 

 

1.1 Arcanobacterium haemolyticum 

1.1.1 Taxonomy 

Arcanobacterium haemolyticum was first identified in 1946 as a causative agent 

of pharyngitis and wound infection in Pacific Islanders and U.S. Army servicemen (75).  

Due to its clubbed cell shape, it was originally classified as Corynebacterium 

haemolyticum, but was reclassified in 1982 as the first species in the new genus (26).  

The major impetus for this reclassification was due to the fatty acid composition of its 

cell wall, which differed from other corynebacteria.  A. haemolyticum is part of a poorly 

characterized genus that is comprised of seven other species, A. abortisuis, A. bernardiae, 

A. bialowiezense, A. bonsai, A. hippocoleae, A. phocae and A. pyogenes (7, 49, 58). 

As A. pyogenes is an opportunistic pathogen of domestic animals, it is commonly 

isolated (58).  Its primary virulence factor is a hemolysin, pyolysin (PLO) (11, 60).  PLO 

is a member of the Cholesterol-Dependent Cytolysin (CDC) family of toxins found in 

Gram-positive bacteria (2), and will be discussed in detail below.  A. pyogenes also has 

the ability to adhere to host cells using a variety of adhesins and co-factors, including 

neuraminidases, fimbriae and a collagen-binding protein (35, 61, 62, 126).  Nothing is 

known about the virulence factors of the other members of this genus. 
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1.1.2 A. haemolyticum physiology 

A. haemolyticum is a fastidious, slow-growing, Gram-positive, pleomorphic, 

non-spore forming, non-motile rod.  It grows optimally in rich medium containing 5-10% 

blood or serum at 37°C.  Incubation in a microaerophilic environment (5% CO2) appears 

to facilitate growth (39).  Even in its ideal growth environment, it is a slow growing 

organism with only pinprick colonies after 24 hours, and requires 48-72 hours for the 

formation of 2-3mm colonies displaying the characteristic hemolysis for with the 

organism is named.  Strains of A. haemolyticum can be biotyped as either smooth or 

rough on the basis of morphological and biochemical criteria (21).  The smooth biotype is 

hemolytic and β-glucuronidase negative, and usually ferments sucrose and/or trehalose. 

In contrast, the rough biotype is non-hemolytic, β-glucuronidase positive and does not 

ferment sucrose or trehalose.  Typically, the rough biotype is associated with pharyngitis 

and the smooth biotype is associated with wound infections (21), although the basis for 

this is unknown. 

True to its name, the most identifying characteristic of A. haemolyticum is its 

ability to produce zones of β-hemolysis on human or rabbit blood-containing agar (38).  

Of importance however, is that A. haemolyticum displays significantly reduced or absent 

hemolysis on media containing ovine or bovine blood (51), which are commonly used in 

commercial blood agar plates.  This non-hemolytic phenotype on common laboratory 

media can be reversed with the addition of Equi Factor, which is the filtered supernatant 

of an overnight culture of Rhodococcus equi, which contains cholesterol oxidase as the 

active component (71).  When grown on bovine blood agar containing Equi Factor, 
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A. haemolyticum produces large zones of hemolysis around the colonies (Fig. 1.1).  This 

hemolysis is a function of the synergistic effects of PLD and cholesterol oxidase, which 

weaken the blood cells sufficiently to cause lysis (71). Its slow-growing and fastidious 

nature, combined with unreliable hemolysis on laboratory media, undoubtedly contribute 

to A. haemolyticum being overlooked by diagnosticians. 

 
 

- 10% Equi Factor + 10% Equi Factor  
 

Figure 1.1:  Effect of cholesterol oxidase on PLD-mediated hemolysis of bovine red 
blood cells. A. haemolyticum ATCC9345 was grown on tryptic soy agar containing 5% 
bovine blood, without or with, 10% Equi Factor for 48 hours at 37oC. 
 

1.1.3 Ecology of the organism 

A. haemolyticum is generally thought of as an obligate human pathogen, being 

only isolated in association with clinical symptoms (70).  This is somewhat unusual 

among most other members of the Arcanobacterium genus, which can also be isolated 

from healthy animals.  A number of studies have shown that carriage in the throats of 

healthy individuals was generally less than 0.2% of the sampled populations (8, 24, 74).  
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Carriage still may occur in other parts of the body, as no studies have examined whether 

A. haemolyticum is present on the skin or other mucosa, thus acting as either part of the 

normal flora or being a reservoir for disease.  A. haemolyticum is currently thought to be 

spread via aerosolized droplets, but direct contact may also spread the bacteria. 

A. haemolyticum is only rarely isolated from animals (121).  One case study 

identified this organism as a causative agent in a sub-mandibular abscess in a rabbit 

(117).  A. haemolyticum was also identified as a cause of wound infections in seven 

horses over a period of ten years (50).  While A. haemolyticum can generally be thought 

of as an obligate human pathogen, it can cause disease in other mammals, although 

rarely. 

 

1.1.4 A. haemolyticum disease 

A. haemolyticum disease manifests most typically as pharyngitis or cutaneous 

infections, but rarely can disseminate from the initial infection site to cause a variety of 

invasive diseases such as osteomyelitis, septic arthritis, meningitis and endocarditis (1, 

15, 45, 84). 

The clinical manifestation of pharyngeal disease closely resembles that of 

Streptococcus pyogenes, in that patients display sore throat and pharyngeal edema in 

almost all of the cases.  In addition, about half the patients complain of fever, swollen 

lymph nodes, non-productive cough and purulent secretions from the tonsils (22, 121).  

One unique feature of A. haemolyticum pharyngitis is that 33–67% of patients display an 

erythematous, morbilliform or scarlatinal rash along with the other symptoms (70).  
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Typically, the rash presents 1–4 days after the onset of pharyngitis, and is of unknown 

origin, although the hypothesis that it is caused by an A. haemolyticum exotoxin is 

reasonable.  The rash is usually only associated with cases of pharyngitis, and there may 

be a higher incidence of rashes in patients with recurrent A. haemolyticum pharyngeal 

infections (121).  This rash is almost never seen with any other A. haemolyticum disease 

presentations (121). 

Individuals with A. haemolyticum cutaneous infections display chronic ulcerations 

and cellulitis.  Many infections are polymicrobial, but A. haemolyticum has been isolated 

as a sole cause of infection in a number of cases (77). 

A. haemolyticum also causes invasive disease (Table 1.1).  Invasive disease 

caused by A. haemolyticum is often seen in immunocompromised patients or those with 

other co-morbid factors, (107, 113), but can also occur in younger, immunocompetent 

patients (10-30 years old), often with a prior history of upper respiratory tract disease 

(pharyngitis, tonsillitis, sinusitis) due to A. haemolyticum (107, 123). 

 

1.1.5 Incidence and prevalence 

A. haemolyticum has been described as an emerging disease agent (70), which 

may be why clinicians and diagnosticians are generally unfamiliar with the organism.  

Also, as it is usually considered an unusual cause of pharyngitis, many clinical 

laboratories do not routinely culture for this organism (27, 38).  These reasons could 

result in an underestimation of the prevalence of A. haemolyticum infections. 
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Table 1.1: A summary of invasive diseases caused by A. haemolyticum. 
 
Disease References 
Abscess/ulceration: 
    ovariana, post-operative wounda, pulmonary, venous ulcera 

(30, 94, 113) 

Bacteremia/septicemiaa,b (30, 84, 113, 121) 
Cellulitis (31, 113) 
CNS infection (84) 
Endocarditis (121) 
Meningitisa,b (84, 107) 
Osteomyelitis (113, 121) 
Otitis media (123) 
Pneumonia (107, 113) 
Pyothorax (95) 
Septic thrombophlebitisa,b (107, 130) 
Septic arthritis (45) 
Sinusitis/orbital cellulitis (37, 69) 
 
a: Some cases were polymicrobial infections. 
b: In some cases, infection was preceded by pharyngitis and/or a rash.  

 
About 20% of all pharyngitis cases are bacterial in origin, with most of the 

remainder as a result of viral infection.  The incidence of pharyngitis caused by 

A. haemolyticum is estimated to be about 5–13% that of S. pyogenes, which causes 

pharyngitis in about 8 million people in the U.S. every year (16).  This suggests that 

A. haemolyticum is responsible for causing pharyngitis in approximately 1 million people 

in the U.S. annually.  What is most notable, is that the majority of infections are seen in 

young, otherwise immunocompetent patients of 10-30 years in age (41), which is the age 

range that coincides with a reduced frequency of S. pyogenes infections (121).  It is 

estimated that 90% of cases occur in this patient population, which correlates to 

A. haemolyticum being the causative agent in up to 40% of bacterial pharyngitis cases in 

this age group (8, 70).  There are few bacterial organisms that cause primary disease in 
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such a young, immunocompetent population.  Given that A. haemolyticum is not a 

commensal organism, bacterial spread may require close contact for transmission.  The 

propensity of teenagers and young adults to engage in activities involving close contact 

with other individuals may increase the opportunity for transmission in this population.  

However, this is purely speculation at this point. 

 

1.1.6 Treatment of disease 

Perhaps one of the biggest reasons that A. haemolyticum infections go 

undiagnosed, apart from clinician and diagnostic laboratory unfamiliarity, is the fact that 

this organism readily responds to most antimicrobial therapies, although there is no 

standard of treatment for infections caused by this organism (98).  Typically, with 

suspected bacterial pharyngitis and upon a negative Rapid Strep Test, several different 

antibiotics are prescribed, including most commonly, β-lactams or cephalosporins.  

A. haemolyticum is almost universally susceptible to these antimicrobial agents (19, 20), 

although there have been scattered reports of therapeutic penicillin failure, despite in 

vitro sensitivity (92).  This is possibly due to the ability of A. haemolyticum to invade into 

host cells (92).  If during infection, the organism invades into the mucosa it will be 

protected from penicillin, as penicillin does not penetrate well into host cells.  This 

scenario may be responsible for the recurrent pharyngitis seen in some patients (121). 
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1.1.7 A. haemolyticum virulence factors 

Only limited animal studies have been performed to identify A. haemolyticum 

virulence factors (75).  Histologically, intradermal inoculation of A. haemolyticum into 

guinea pigs resulted in necrotic lesions which were marked by neutrophil infiltration and 

the lesions extended into the deep fascia and muscle tissue (75).  Intravenous inoculation 

of A. haemolyticum into rabbits resulted in hemorrhagic pneumonia (75).  However, all 

attempts to cause pharyngitis by inoculation of bacteria onto human tonsils were 

unsuccessful (75). 

Hence, little is known about the virulence factors of A. haemolyticum.  Its most 

well characterized virulence factor is a phospholipase D (PLD), which is described in 

detail below.  In addition to PLD, A. haemolyticum is reported to produce a hemolytic 

agent, but is as yet uncharacterized (41).  A. haemolyticum also expresses neuraminidase 

activity (109), and has been shown to exhibit binding to several human plasma proteins, 

including fibrinogen and fibronectin (66). 

 

1.2 Phospholipases D 

Phospholipases D (PLDs) are a large family of enzymes that, as the name would 

indicate, cleave phospholipids.  PLD is an ubiquitous enzyme, being found in animals, 

plants, fungi and some bacteria (56).  PLDs are found in two families, by far the largest 

of which is the HKD family, so named for the typical dual His-X-Lys-X4-Asp motifs that 

are involved in catalysis (101).  Members of this family of PLDs are widely distributed 

and can cleave numerous phospholipids, including the cleavage of membrane 
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phosphatidylcholine (PC) into phosphatidic acid (PA) and free choline (Fig. 1.2).  This 

enzyme activity is part of normal mammalian cell physiology such as cell cytoskeletal 

rearrangement for proliferation, differentiation, and/or apoptosis (55, 93, 133).  A few 

bacterial species carry a variant of the HKD enzyme.  In these bacteria, the PLD contains 

only a single HKD motif and acts as endonucleases (135).  In this case, the protein must 

form a homodimer for activity. 

 

 
HCOOCR1

HCOOCR2

H2C-O-P-choline

PLA2

PLC

PLD (HKD family only)

Releases phosphatidic acid and choline

Sphingosine

HCOOCR1

H2C-O-P-choline

PLC

PLD
Releases ceramide-1-PO4 and choline

Phosphatidyl 
choline

Sphingom
yelin

 

Figure 1.2:  Schematic representation of the hydrolysis of major plasma membrane 
phospholipids PC and SM by phospholipases.  The PLD cleavage products of the 
phospholipids are shown in green.  PLA2 = phospholipase A2.  PLC = phospholipase C. 

 

The non-HKD family of PLDs do not contain the typical HKD motifs and have 

very limited substrate specificity, cleaving only sphingomyelin (SM) and 

lysophosphatidylcholine (109).  This family of enzymes has thus far only been 
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documented in some pathogenic bacteria as secreted toxins (80), such as the active 

component in recluse spider venom (112), and homologous genes have been identified in 

certain fungi such as Coccidioides immitis (GenBank Accession XP_001239957) and 

Aspergillus oryzae (GenBank Accession XP_001819969).  This family of enzymes has 

the alternate nomenclature sphingomyelinases D (SMase), as SM is the main target of the 

enzyme.  The cleavage of membrane-bound SM leads to the release of ceramide-1-PO4 

and choline (119) (Fig. 1.2).  Ceramides (including ceramide-1-PO4) are responsible for a 

number of cell signaling cascading events that can lead to cell differentiation, 

proliferation or apoptosis (23, 47).  To a lesser degree, non-HKD PLDs can also cleave 

lysophosphatidylcholine to release lysophosphatidic acid (119).  This cleavage event 

results in a lipid modulator that can be responsible for some effects of tissue damage, 

such as increasing vascular permeability, increased inflammation and platelet 

aggregation. 

Despite the ubiquity of these enzymes in nature, there is a paucity of data 

regarding the role of PLD in pathogenic bacteria.  Interestingly, the majority of bacteria 

that express PLDs are obligate or facultative intracellular pathogens, indicating that 

perhaps PLD plays an important role in the intracellular lifestyle of these organisms. 

 

1.2.1 The PLD of Neisseria gonorrhoeae 

One of the best studied bacterial PLDs of the HKD family is found in the 

Gram-negative, obligate human pathogen that causes gonorrhea, Neisseria gonorrhoeae, 

where this enzyme aids in pathogenesis (33).  Once N. gonorrhoeae comes into proximity 
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with host epithelial cells, the bacteria secretes gonococcal PLD (NgPLD).  Gene 

knockout studies have shown that PLD stimulates complement receptor 3 (CR3) 

mobilization to the surface of the cell, where CR3 then acts as the primary receptor for 

N. gonorrhoeae host cell invasion (33).  Similar to other PLDs, NgPLD cleaves 

membrane phospholipids releasing choline.  The released choline acts as a second 

messenger that augments complement-mediated endocytosis, which is presumably the 

mechanism of host invasion (33).  Furthermore, NgPLD was shown to be essential for 

bacterial survival within primary cervical cells (33), although the mechanism of this 

protection is not yet fully understood.  NgPLD also directly promotes the Akt cascade to 

stimulate membrane ruffling, via gonococcal PLD interaction with Akt kinase and 

phosphatidyinositol-4,5-bisphosphate (PtdIns(4,5)P2) (32).  PtdIns(4,5)P2 contain 

membrane structures known as PtdIns(4,5)P2-rich plasma membrane patches (PRPMPs), 

which are similar to, but distinct from, lipid rafts.  However like lipid rafts, PRPMPs are 

involved in signaling zones within the membrane.  Similarly, gene knockout studies have 

demonstrated that in the absence of PLD, no membrane ruffling was evident 

post-infection (32). 

 

1.2.2 The PLDs of obligate intracellular pathogens 

Rickettsia spp., the agents of epidemic typhus, Rocky Mountain Spotted Fever 

and African Tick Bite Fever, are small, Gram-negative, obligate intracellular pathogens.  

These organisms have a biphasic development in which they invade into cells and 

immediately escape the vacuole to avoid lethal fusion with the phagosome.  In rickettsial 
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species, it appears that HKD family PLDs are required for primary invasion of host cell, 

although the evidence is mostly circumstantial.  Pre-treatment of Rickettsia conorii or 

Rickettsia prowazekii with antibodies against PLD significantly prevented infection of 

Vero cells by these organisms (100).  In R. prowazekii, pld expression is upregulated 

during the peak time of phagosomal escape, suggesting a role for PLD in this process 

(124).  Furthermore, when the rickettsial pld was inserted into an invasion-deficient 

Salmonella enterica serovar Typhimurium, this gene increased phagosomal escape more 

than five-fold (124), also suggesting a role for phagosomal lysis, promoting intracellular 

replication of R. prowazekii. 

PLD activity in the obligate intracellular bacteria Mycobacterium tuberculosis 

(57) and Chlamydia pneumoniae (63) have been reported, but the role of this enzyme in 

pathogenesis remains to be determined. 

 

1.2.3 PLDs expressed by other bacteria 

The PLD expressed by Pseudomonas aeruginosa has the most similarity to those 

from eukaryotes, and it was postulated that this gene was acquired by horizontal 

transmission from a mammalian host (125). pld-containing strains out-competed 

pld-negative strains in a chronic pulmonary infection model, suggesting a role in 

pathogenesis (125). The PLD of Yersinia pestis (formerly Ymt), is not required for 

virulence in the mammalian host (53); however, it is essential for survival in the flea 

midgut, where it acts to degrade toxic blood digestion products (52). 
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1.2.4 The PLDs of Corynebacterium spp. 

The most well studied non-HKD PLD to date is that produced by the 

Gram-positive, animal pathogen Corynebacterium pseudotuberculosis (9).  The PLD 

from this organism is its main virulence factor and is produced as a secreted exotoxin.  

C. pseudotuberculosis infects primarily livestock such as sheep and goats, but this 

organism can cause disease in other mammals, including humans.  In livestock, this 

organism causes caseous lymphadenitis, otherwise known as cheesy gland, and causes 

significant economic losses in meat and wool production, most notably in non-U.S. 

countries (10).  Gene knockouts deficient in PLD production are attenuated in virulence, 

as this toxin is responsible for the dissemination of the organism from the initial infection 

site to the surrounding lymph nodes (79).  C. pseudotuberculosis PLD acts as a 

sphingomyelinase (SMase) and hydrolyzes membrane SM at the ester bond, which is 

typical for this family of PLDs.  This toxin also is responsible for causing dermonecrotic 

lesions, although the mechanism for this is yet to be elucidated (110).  Aside from being a 

dissemination factor and having necrotic properties, PLD from C. pseudotuberculosis can 

play a role in lowering the viability of host macrophages in both in vitro and in vivo 

assays (131).  This subversion of immune cells allows for persistence of the organism.  

Formalin inactivated PLD has been shown to be protective in challenges with 

C. pseudotuberculosis (54).  In these trials, the organism did not cause abscessation, nor 

was it able to disseminate to other organs. 

Corynebacterium ulcerans produces a very similar PLD to that found in 

C. pseudotuberculosis.  This organism can be lysogenized with β-corynephages carrying 
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tox, which encodes diphtheria toxin, although it is an uncommon agent of respiratory 

disease, it can cause cutaneous diphtheria (72).  Non-lysogenic strains generally caused 

ulcerated skin lesions (72).  Although the gene has been cloned and sequenced (80), the 

role of PLD in C. ulcerans pathogenesis has not been elucidated.  However, given the 

type of necrotic, ulcerated lesions associated with infection with this organism, it would 

not be surprising if PLD was somehow involved. 

 

1.2.5 The PLD of A. haemolyticum 

A. haemolyticum expresses a 33.4 kDa non-HKD PLD, which is the only 

characterized virulence factor from this organism.  A. haemolyticum PLD is most closely 

related to that of C. pseudotuberculosis, sharing 61.6% identity and 76.4% amino acid 

similarity (28).  When injected intradermally, A. haemolyticum causes abscessation and 

profound dermonecrosis (75), and it was later determined that PLD was the cause of the 

tissue damage (110).  It is also known that A. haemolyticum PLD is expressed in vivo, as 

serum from patients with pharyngitis contain antibodies to the toxin (106, 120).  Aside 

from these studies, attempts to understand the pathogenesis of A. haemolyticum has been 

neglected. 
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1.2.6 Sphingomyelinase and recluse spider venom 

In countries where recluse spider (Loxosceles spp.) bites are common, 16% of 

victims suffer intravascular hemolysis and coagulation leading to fatal renal failure.  For 

those that survive, at the site of the bite is a chronic dermonecrotic lesion which can take 

months to years to heal.  The venom of recluse spiders contains a SMase that is 

functionally similar to non-HKD PLDs (85), having limited substrate specificity, and 

cleaving only SM and lysophosphatidylcholine (119).  The SMase in the venom of these 

spiders is responsible for the profound tissue necrosis seen in recluse spider bites, and 

indeed is sufficient to cause tissue necrosis in a rabbit model (112).  Despite their 

conserved functionality, spider SMases and bacterial non-HKD PLDs share little amino 

acid sequence similarity (85). 

 

1.3 Cholesterol-Dependent Cytolysins 

Cholesterol-Dependent Cytolysins (CDCs) are a family of large pore-forming 

toxins produced by about 25 pathogenic Gram-positive bacteria such as Clostridium 

perfringens, Listeria monocytogenes, Streptococcus pneumoniae, S. pyogenes and 

A. pyogenes (Fig. 1.3).  They share some common features that classify them as a toxin 

family.  The toxins are secreted as single peptide, water-soluble monomers that are 

between 47–60 kDa in size and the pores that are formed tend to be very large, ranging 

from 20-30 nm in diameter.  As a result, CDCs are lytic to eukaryotic cells and they are 

usually considered to be major virulence factors in the organisms that produce them (2). 
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Figure 1.3:  Phylogenetic analysis of amino acid sequences showing the relationship of 
the CDCs.  The protein parsimony program in PHYLIP v3.68 (36) was used to generate 
an unrooted dendrogram of CDC amino acid sequences from A. pyogenes (PLO; (11), 
Bacillus anthracis (ALO; (105); Bacillus cereus (CLO; (65), C. perfringens (PFO; (116), 
Clostridium tetani (TLY; (17), Listeria ivanovii (ILO; (48), L. monocytogenes (LLO; 
(82), Listeria seeligeri (ISO; (48), Paenibacillus alvei (ALY; (42), Streptococcus 
intermedius (ILY; (88), S. pneumoniae (PLY; (122) S. pyogenes (SLO; (64) and 
Streptococcus suis (SLY; (104). 

 

Historically, these toxins were named thiol-activated cytolysins, as many 

members of the family are activated by reducing compounds (2).  However, the toxin 

family name was changed as new evidence has shown that not all of the toxins are 

affected by reducing agents and that thiol-activation is not required for toxin activity in 

vivo (11).  As the current designation suggests, the majority of CDCs use cholesterol as 

the host cell target.  Because cholesterol is ubiquitous in kingdom Animalia, CDCs are 

toxic to a large number of host species. 

Near the C-terminus of the CDC monomer is a highly conserved undecapeptide 

sequence (ECTGLAWEWWR) that is involved in cholesterol recognition and initial 

binding of the toxin to the host membrane (Fig. 1.4).  Once the monomers have bound to 

http://www.dsmz.de/microorganisms/bacterial_nomenclature_info.php?genus=Paenibacillus&show_genus_info=1
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the host cell, a conformational change occurs in the tertiary structure that allows for 

another monomer to join.  Once many monomers have come together another 

conformational change occurs to allow for membrane insertion and pore formation 

(Fig. 1.5).  The pores are comprised routinely of 40–80 monomer units and the pores are 

large enough to allow passage of both ions and macromolecules (2). 

 

LLO E C T G L A W E - W W R 
LSO E C T G L F W E - W W R 
ILO E C T G L A W E - W W R 

CLO E C T G L A W E - W W R 
ALO E C T G L A W E - W W R 
ALY E C T G L A W E - W W R 
PFO E C T G L A W E - W W R 
SLO E C T G L A W E - W W R 
TLY E C T G L A W E - W W R 
ILY G A T G L A W E P W - R 
PLY E C T G L A W E - W W R 
SLO E C T G L A W E - W W R 
PLO E A T G L A W D P W W - 

Consensus E C T G L A W E - W W R  
 
Figure 1.4:  Alignment of CDC undecapeptide sequences.  The CDC abbreviations and 
references are those used in Fig. 1.3.  The consensus CDC undecapeptide sequence is 
shown on the bottom. Amino acids which are different to the consensus are boxed in 
yellow. 
 

1.3.1 The role of CDCs in bacterial virulence 

Initially, CDCs were thought to act as hemolysins, due to their β-hemolytic 

effects on erythrocytes, and this activity is a useful way to assay for the effects of CDCs.  

In vitro, CDCs are able to lyse many cultured cell lines, although there is little data to 

prove that their primary function for the bacteria in vivo is cell lysis.  More recent studies 

have shown that these toxins can exert other effects, some of which are specific to the 
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individual CDC, and some of which appear to be conserved in a number of different 

CDCs.  Some of these properties are summarized below. 

 
 

 
 
Figure 1.5:  Model of membrane insertion of CDCs.  A. Binding of soluble CDC 
monomer to the host membrane via the undecapeptide (red); B. Oligomerization of 
monomers on the membrane; C. Disordering of the CDC transmembrane region; D. 
Formation of the pre-β sheet; E. Membrane insertion of the β sheet to form the intact 
pore.  Image courtesy of Rod Tweten, University of Oklahoma Health Sciences Center. 
 

1.3.2 C. perfringens perfringolysin O 

Perfringolysin O (PFO) is considered to be a classical CDC in that it contains the 

consensus undecapeptide and displays little to no host species specificity (12).  While 

C. perfringens expressed many toxins, PFO does play an important role in disease 

pathogenesis. 

Although C. perfringens phospholipase C is the prominent factor in the 

pathogenesis of myonecrosis (gas gangrene), insertional inactivation of pfoA, the gene 
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encoding PFO results in a more moderate infection in a mouse model, with decreased 

muscle necrosis (6) and reduced vascular leukostasis (34).  Furthermore, PFO directly 

contributed (~1000 fold difference) to the persistence of C. perfringens when injected 

intradermally in a sub-lethal dose in a mouse model of gas gangrene (91).  PFO also 

causes vascular injury through a direct cytotoxic effect on host inflammatory cells and 

tissues (18). 

PFO also aids in bacterial survival in the presence of peritoneal macrophages.  A 

study comparing a wildtype C. perfringens and a pfoA knockout showed that while the 

wildtype strain was able to persist inside macrophages to a certain extent, the peritoneal 

macrophages were able to kill the pfoA knockout (91).  This was as a direct result of the 

PFO-deficient strain being unable to escape the phagosome, while the wildtype strain was 

found more frequently in the cytoplasm of the infected cell. 

 

1.3.3 Streptolysin O of S. pyogenes 

Streptolysin O (SLO), produced by S. pyogenes, has a consensus undecapeptide 

sequence and shows little to no species specificity (81).  It is an important virulent factor 

for S. pyogenes, in that mice infected with an slo knockout mutant have significantly 

higher survival as compared to mice infected with the wildtype strain (68).  SLO also 

contains a 60 amino acid extension sequence at the N-terminus (76), which is not 

normally found in CDCs and is not part of the typical CDC domain structure (2).  This 

N-terminal sequence functions as a translocon similar to that of a Gram-negative type III 

secretion system, and has been designated Cytolysin-Mediated Translocation (CMT).  
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SLO uses CMT to transport NAD+ glycohydrolase across human keratinocyte 

membranes (76).  Introduction of NAD+ glycohydrolase into host cells inhibits bacterial 

internalization and stimulates host cell apoptosis (76).  In addition, SLO is much less 

cytotoxic when incubated with cultured cells alone than when it is co-incubated with 

NAD+ glycohydrolase (76) which begs the question as to whether the primary function 

of this toxin is indeed cytolysis. 

 

1.3.4 Listeriolysin O of L. monocytogenes 

Listeriolysin O (LLO) also has a unique features not found in other CDCs.  

L. monocytogenes has an intracellular lifecycle in which LLO is critical (44).  Once the 

bacterium is internalized, it must escape the vacuole prior to lysosomal fusion.  As the pH 

lowers during phagosome maturation, LLO becomes more active and is able to form 

large pores in the vacuolar membrane, which allow bacterial escape into the cytosol 

(103).  However, if LLO were to remain active once it left the phagosome, intracellular 

LLO could cause lysis of the host cell, resulting in exit of L. monocytogenes into the 

extracellular space, which is not its preferred niche (44).  In order to avoid this 

possibility, LLO employs a PEST-like sequence at its N-terminus (29), which is also not 

part of the typical CDC structure (2).  PEST (proline–glutamic acid–serine–threonene) 

sequences are typically found in host cell proteins and target those proteins ubiquination 

followed by proteosomal degradation.  Wildtype LLO is degraded by host proteosomes 

once inside the cytoplasm.  Conversely, when the PEST-like sequence is removed from 

LLO, the host cell does indeed undergoes LLO-mediated lysis (67).  The PEST sequence 
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can also be added to the N-terminus of PFO.  C perfringens expressing this PEST-PFO 

are able to escape from the macrophage phagosome resulting in enhanced bacterial 

survival compared with the wildtype (29). 

 

1.3.5 Intermedilysin of Streptococcus intermedius 

S. intermedius is an opportunistic pathogen of humans, causing deep seated 

infections and abscesses in a variety of major organs.  This organism expresses the CDC, 

intermedilysin (ILY), the expression of which, is upregulated ~10-fold during infection 

(86).  Furthermore, ILY is required for efficient bacterial invasion of host cells (111), 

although the basis for this is unknown. 

Very few CDCs have variant undecapeptide sequences (2).  ILY contains a 

variant undecapeptide in that it is missing one of the tryptophan residues that come into 

direct contact with cholesterol (86).  Aside from this change, there is also the addition of 

a proline residue, a substitution from an aspartic acid residue to a glycine residue, and a 

substitution of an alanine residue from a cysteine residue.  These changes are sufficient to 

alter the preferred receptor, which for most CDCs is usually cholesterol.  Instead, ILY 

preferentially recognizes human-specific CD59 (43), which explains the unusual human 

species specificity displayed by this toxin (87).  Substitution of the three variant residues 

in the undecapepide to consensus residues caused a 5-fold reduction in lytic ability of 

ILY on human cells (43). 
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1.3.6 Pyolysin of the related animal pathogen, A. pyogenes 

PLO is the only arcanobacterial CDC described to date (11), and was the first 

CDC found to have a variant undecapeptide which affected its activity (13).  Like ILY, 

PLO is missing the undecapeptide cysteine and also has the additional proline in the 

sequence (14).  However, unlike the human-specific ILY, PLO maintains all the classic 

tryptophan residues that are involved in cholesterol contact (14).  Importantly, it has been 

shown that these variances are required for full lytic activity of this toxin.  When the 

proline was deleted or substituted by phenylalanine or glycine, this substitution resulted 

in a significant reduction in the ability of the toxin to lyse erythrocytes (14).  When the 

full consensus sequence was substituted for the variant undecapeptide sequence, the toxin 

was reduced in hemolysis to 0.1% of its original activity (14). 

PLO is the primary virulence factor for A. pyogenes, as a plo knockout mutant 

caused significantly less disease in a mouse model (60).  This toxin was cytotoxic for 

macrophages and could upregulate pro-inflammatory cytokines (58), which could also 

play a role in disease pathogenesis. 

 

1.3.7 The CDC of A. haemolyticum? 

Given the widespread presence of CDCs in Gram-positive pathogens (2), the 

relatedness of this organism to A. pyogenes which possesses a CDC (11), and the report 

of expression of a (non-PLD) hemolysin (41), it is tempting to speculate that 

A. haemolyticum does indeed express a CDC. 
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1.4 Hypotheses and specific aims of this study 

It is known that PLDs and CDCs are virulence factors in some Gram-positive 

organisms.  Therefore, it is our hypothesis that the PLD and CDC of A. haemolyticum are 

virulence factors for this organism and aid in disease pathogenesis.  Specifically: 

 

1. We hypothesize that PLD acts at the host cell surface to modify phospholipids as 

a way to increase local receptor concentrations and enhance bacterial adhesion. 

2. We hypothesize that once bacteria are inside host cells, PLD acts intracellularly 

to aid in bacterial dissemination from initial site of infection. 

3. We hypothesize that ALN plays a role in virulence by acting as a cytotoxic agent 

on host cells. 

4. As virulence is often multifactorial and as A. haemolyticum can cause a number 

of different diseases, we hypothesize that examination of the A. haemolyticum 

genome will reveal additional virulence factors. 

 

Therefore, the specific aims of the project are as follows: 

 

Aim 1.  To characterize the effect of PLD on host cell plasma membrane in 

vitro.  We will investigate whether PLD enzymatic activity acts on host cell 

phospholipids to rearrange lipid rafts into larger platforms which allows receptor 

clustering, enhancing bacterial docking and attachment.  We will test this by using 
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recombinant PLD on the surface of the host cells, followed by staining of lipid rafts and 

visualization by fluorescence microscopy. 

 

Aim 2.  To determine whether PLD aids in bacterial adhesion to host cells in 

vitro.  If as hypothesized, PLD acts to cluster receptors on the host cell, we predict that 

this will enhance adherence to the host cell.  To examine this, we will inoculate HeLa 

cells with A. haemolyticum wildtype or a pld knockout mutant, and enumerate adherent 

bacteria. 

 

Aim 3.  To determine whether PLD affects bacterial invasion of host cells.  

PLD may act to stimulate not only adhesion to, but also invasion of, host cells.  We will 

inoculate HeLa cells with A. haemolyticum wildtype or a pld knockout mutant, and 

enumerate invaded bacteria. 

 

Aim 4.  To characterize the effect of intracellularly expressed PLD on host 

cells.  PLD has enzymatic activities that we hypothesize may be cytotoxic to host cells by 

an as yet unknown mechanisms.  We will measure the cytotoxic effect of PLD expressed 

by intracellular A. haemolyticum wildtype or a pld knockout mutant using a PMS/MTS 

viability assay.  We will also determine whether cytotoxicity is due to necrosis or 

apoptosis, by transmission electron microscopy (TEM) or caspase assays. 
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Aim 5.  To characterize ALN and its effect on host cells.  We will use purified, 

recombinant ALN to characterize its effects on erythrocytes and cultured host cells, using 

hemolytic, cytotoxicity and membrane binding assays. 

 

Aim 6.  To determine the A. haemolyticum genome sequence and examine it 

for the presence of novel virulence factors.  A. haemolyticum genomic DNA will 

undergo pyrosequencing to determine a draft genome.  The gaps within the resultant 

contigs will be joined using several methodologies and the genome will be annotated.  

The sequence will be examined to identify putative A. haemolyticum virulence factors. 
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Chapter 2:  Materials and methods 

 

2.1 Bacteria and growth conditions 

All the bacteria used in this study are listed in Table 2.1.  A. haemolyticum strain 

ATCC9345 is the type strain for this organism (108).  All other A. haemolyticum strains 

used in this study are from clinical isolates, either from cases of pharyngitis or wound 

infections  (Table 2.1).  All A. haemolyticum strains were grown on Tryptic Soy (TS) agar 

plates, supplemented with 5% bovine blood, at 37°C and 5% CO2 or in TS broth 

supplemented with 10% newborn calf serum at 37°C with shaking.  A. pyogenes was 

grown similarly to A. haemolyticum, with the exception that 5% newborn calf serum was 

used (11).  R. equi was grown in TS broth at 37oC with shaking. 

Escherichia coli DH5αMCR strains were grown at 37°C on Luria-Bertani (LB) 

agar or in LB broth with shaking.  Antibiotics were added as appropriate; for 

A. haemolyticum strains, chloramphenicol (Cm) at 5 µg/ml, erythromycin (Em) at 15 

µg/ml and kanamycin (Km) at 200 µg/ml; for E. coli strains, ampicillin (Ap) at 100 

µg/ml, Cm at 30 µg/ml, Em at 200 µg/ml and Km at 50 µg/ml. 

 

Table 2.1:  Bacterial strains used in this study. 
 

Arcanobacterium haemolyticum 

 Strain Genotype or characteristics Reference 
or source 

 BJ5011 Biotype S*; wound infection; 73 year old male; 1991 a 
 BJ5012 Biotype S; paronychia; 16 year old male; 1991 a 
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 BJ5013 Biotype S; wound infection; 11 year old male; 1991 a 
 BJ5014 Biotype S; infected leg ulcer; 47 year old male; 1991 a 
 BJ5015 Biotype S; wound infection; 64 year old male; 1991 a 
 BJ5016 Biotype S; wound infection; 43 year old male; 1991 a 
 BJ5017 Biotype S; infected leg ulcer; 68 year old female; 1991 a 
 BJ5018 Biotype S; wound infection; 62 year old male; 1991 a 
 BJ5019 Biotype S; wound infection; 38 year old male; 1991 a 
 BJ5020 Biotype S; paronychia; 21 year old male; 1991 a 
 BJ5021 Biotype S; pharyngitis; 3 year old male; 1991 a 
 BJ5022 Biotype S; pharyngitis; 23 year old female; 1992 a 
 BJ5023 Biotype S; pharyngitis; 28 year old female; 1992 a 
 BJ5024 Biotype S; pharyngitis; 23 year old female; 1992 a 
 BJ5025 Biotype S; pharyngitis; 20 year old male; 1992 a 
 BJ5026 Biotype S; sinusitis; 41 year old male; 1990 a 
 BJ5027 Biotype S; sinusitis; 65 year old female; 1991 a 
 BJ5028 Biotype S; pharyngitis; 12 year old male; 1992 a 
 BJ5029 Biotype S; pharyngitis; 20 year old female; 1992 a 
 BJ5030 Biotype S; pharyngitis; 34 year old male; 1992 a 
 BJ5031 Biotype S; peritonsillar abscess; 15 year old male; 

1996 
a 

 BJ5032 Biotype S; pharyngitis, pneumonia; 42 year old male; 
1996 

a 

 BJ5033 Biotype S; diabetic foot gangrene; 45 year old male; 
1997 

a 

 BJ5034 Biotype S; tonsillitis; 16 year old female; 1998 a 
 BJ5035 Biotype S; metatarsal osteitis; 37 year old male; 1998 a 
 BJ5036 Biotype R; wound infection; 43 year old male; 1991 a 
 BJ5037 Biotype R; wound infection; 53 year old male; 1991 a 
 BJ5038 Biotype R; pharyngitis; 13 year old female; 1991 a 
 BJ5039 Biotype R (uncertain); peritonsillar abscess; 18 year 

old male; 1991 
a 

 BJ5040 Biotype R; sinusitis; 14 year old male; 1992 a 
 BJ5041 Biotype R; peritonsillar abscess; 21 year old male; 

1986 
a 

 BJ5042 Biotype R; peritonsillar abscess; 15 year old female; 
1992 

a 

 BJ5043 Biotype R; pharyngitis; 26 year old male; 1992 a 
 BJ5044 Biotype R; pharyngitis; 15 year old male; 1992 a 
 BJ5045 Biotype R; pharyngitis; 18 year old male; 1992 a 
 BJ5046 Biotype R; pharyngitis; 21 year old male; 1992 a 
 BJ5047 Biotype R; peritonsillar abscess; 15 year old female; 

1992 
a 

 BJ5048 Biotype R; wound infection; 21 year old female; 1992 a 



 

39 

 

 BJ5049 Biotype R; pharyngitis; 18 year old female; 1992 a 
 BJ5050 Biotype R; pharyngitis; 17 year old male; 1992 a 
 BJ5051 Biotype R; pharyngitis; 24 year old male; 1992 a 
 BJ5052 Biotype R; pharyngitis; 16 year old female; 1992 a 
 BJ5053 Biotype R; pharyngitis; 12 year old male; 1992 a 
 BJ5054 Biotype R; pharyngitis; 18 year old male; 1992 a 
 BJ5055 Biotype R; pharyngitis; 16 year old male; 1992 a 
 BJ5056 Biotype R; pharyngitis; 14 year old female; 1992 a 
 BJ5057 Biotype R; pharyngitis; 13 year old female; 1991 a 
 BJ5058 Biotype R; pharyngitis; 15 year old male; 1992 a 
 BJ5059 Biotype R; pharyngitis; 20 year old male; 1991 a 
 BJ5060 Biotype R; pharyngitis; 19 year old female; 1992 a 
 BJ5061; 

CCUG39796 
Biotype unknown; infected leg ulcer; 52 year old male; 
1998 

a 

 BJ5062; 
ATCC9345 

Biotype unknown; wildtype for pld b; (75) 

 BJ5102 BJ5062::pBJ30; KmR; pld- This study 
 BJ5107 BJ5102/pBJ61; CmR, KmR; pld This study 
 BJ5108 BJ5102/pJGS180; CmR, KmR; pld- This study 

Arcanobacterium pyogenes 

 BBR1 plo nanH nanP cbpA fimAB tet(W) Isolated from 
a bovine 

abscess; (11)

Escherichia coli 

 DH5αMCR F- endA1 supE44 thi-1 λ- recA1 gyrA96 relA1 deoR 
Δ(lacZYA-argF)U169 Φ80dlacZΔM15 mcrA Δ(mrr 
hsdRMS mcrBC) 

Gibco-BRL; 
(46) 

Rhodococcus equi 

 ATCC6939 Source of cholesterol oxidase (Equi Factor) b 

 
*: S = smooth and R = rough 
a: Petteri Carlson, University of Helsinki 
b: American Type Culture Collection 
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2.2 Plasmids and oligonucleotide primers 

All the plasmids and oligonucleotide primers used in this study are listed in 

Tables 2.2 and 2.3, respectively.  Oligonucleotide primers were purchased from 

Sigma-Genosys. 

 

Table 2.2:  Plasmids used in this study. 
 
Plasmid Construction and/or characteristics Source or 

reference 
pBCKS CmR, MCS, blue/white selection, colE1 replicon Stratagene 
pBJ29 1.1kb PCR product from A. haemolyticum ATCC9345 amplified 

with primers PLDF and PLDR, digested with HindIII-EcoRI Ω 
pBCKS HindIII-EcoRI; CmR, carries the entire pld gene 

This study 

pBJ30 pBJ29 BglII Ω 1.4kb BamHI fragment from pKRP11 carrying the 
KmR cassette; Cm, KmR, pld::KmR 

This study 

pBJ31 0.9kb PCR product from A. haemolyticum ATCC9345 amplified 
with primers HIS-PLDF and HIS-PLDR, digested with 
BamHI-EcoRI Ω pTrcHisB BamHI-EcoRI; ApR, expresses 
HIS-PLD 

This study 

pBJ41  0.9kb PCR product from A. haemolyticum ATCC9345 amplified 
with primers ALN5 and ALN6, digested with XhoI-HindIII Ω 
pBCKS XhoI-HindIII; CmR, carries the C-terminal half of the aln 
gene 

This study 

pBJ43 1.1kb product from A. haemolyticum ATCC9345 amplified with 
primers ALNF and ALN4R and digested with BamHI-HindIII; the 
resulting 0.9kb fragment Ω pBJ41 BamHI-HindIII; CmR, carries the 
entire aln gene 

This study 

pBJ44 0.9kb product from A. haemolyticum ATCC9345 amplified with 
primers HIS-ALNF and ALN4R and digested with BamHI-HindIII; 
the resulting 0.7kb fragment Ω pBJ41 BamHI-HindIII; CmR, carries 
the entire aln gene except the portion encoding the signal peptide 

This study 

pBJ51 1.6kb BamHI-XhoI fragment from pBJ44 encoding HIS-ALN Ω 
pTrcHisB BamHI-XhoI; ApR, expresses HIS-ALN 

This study 

pBJ59 1.7kb HindIII fragment from pJGS340 carrying the EmR gene Ω 
pBJ43 HindIII; Cm, EmR, aln::EmR 

This study 

pBJ61 1.0kb EcoRI-SalI fragment from pBJ30 containing A. haemolyticum 
pld Ω pJGS180 EcoRI-SalI; CmR, pld complementing plasmid 

This study 

pJGS180 CmR, MCS, blue/white selection, broad host range (62) 
pJGS340 ApR, EmR, carries the pNG2 EmR gene flanked by a MCS B.H. Jost 
pKRP11 ApR, KmR, carries a Tn903 KmR cassettes flanked by a MCS (99) 
pTrcHISB ApR, N-terminal HIS-tag vector Invitrogen 
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Table 2.3:  Oligonucleotide primers used in this study. 
 
Gene Primer Sequence (5'-3') Location on 

gene 
Amplicon 
(bp) 

Probes:     

pld PLD1Fa GACAGTCGGAGGTGTCGGCTGG 472-493 394 
 PLD2R AAAAGCATTGCGAGTATCGGCG 844-865  
aln ALN7F CTTCAATAATTTGCGAGGTG 438-457 561 
 ALN4R TTCGAAATGTAGGCTAACGG 979-998  
Cloning:     
pld PLDF GTGTAAGCTTCAACATAGAGACATGGb 98-123bp 

upstream 
1,089 

 PLDR ATAAGAATTCGTGTTATCTCATTCG 2-26bp 
downstream 

 

HIS-pld HIS-PLDF CGGCTGCGGATCCACTTGCGCAAGAA 
CAACCb 

81-111 886 

 PLDR ATAAGAATTCGTGTTATCTCATTCG 2-26bp 
downstream 

 

aln ALNF AATCCGTCTCGGATCCCCTGAACTGC 112-138bp 
upstream 

1,887 

 ALNR CCCTCCGAACTCGAGCGAAGGGGACC 15-40bp 
downstream 

 

 ALN5R GGACCTTCTCGAGTATGTATCACTC 765-785 965 
 ALN6F TGAAGCTAAGTTTGGCCTTGG 1705-19bb 

downstream 
 

HIS-aln HIS-ALNF CCCGGCGTTGCGGATCCAGTTGACGC 61-86 1,690 
 ALNR CCCTCCGAACTCGAGCGAAGGGGACC 15-40bp 

downstream 
 

Sequencing:     
Contig Primer Sequence (5'-3') bp from 3' end 
Large 
Contig0001 

Ah0001R CGAAGACCACCTGGTCG 46  

Large 
Contig0002 

Ah0002R CGAGACTCGAACTCGCG 47  

Large 
Contig0003 

Ah0003R GCTGAGCATCCTGGCGC 51  

contig001 Ah001R AGAACGGCCTTAAGGGC 49  
contig002 Ah002R CCATACGCTCTGGATCG 50  
contig003 Ah003R CACAGAATCCGAAGGGC 48  
contig004 Ah004R GGAATGTTTAAATAAGG 48  
contig006 Ah006R TGTGGGGTGTGGGTGGG 43  
contig007 Ah007R GCGCGACCTACGGTTCG 54  
contig008 Ah008R GGGGTAGACCAGCATGG 50  
contig009 Ah009R GTCAGCCCTGCGTCGCC 51  
contig010 Ah010R ACTTGTTTTTAATATGC 44  
contig015 Ah015R CCTTAATATTCAAAACG 55  
contig016 Ah016R CGTCGTGATGATCGCGG 50  
contig018 Ah018R TGTTCATACTGAAGGCG 50  
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contig020 Ah020R CGGCGATTCCGTTCACC 50  
contig022 Ah022R GGTGATCTGTACTCAGG 46  
contig023 Ah023R TCCGCCACACCTACTGC 51  
contig024 Ah024R TCTACAGTGTAATGACG 43  
contig026 Ah026R CTTCTAGGTGCAATAGG 50  
contig028 Ah028R ACAGTGTACAGTATCCC 48  
contig029 Ah029R CATGCCAGGGCGGCTGG 58  
contig031 Ah031R TTATTGTTAGTTGTTGC 48  
contig077 Ah077R ATTTCAAGATAGTTACC 54  
contig085 Ah085R TAGAAGCAGAACCCGCC 55  
contig091 Ah091R AGCAATTCAGGATGAGC 56  
contig094 Ah094R ACGACACGGGCACAAGG 48  
contig097 Ah097R AAACGTGCGTGAGCACC 49  
contig100 Ah100R CCACCTACAAAAACACG 52  
contig101 Ah101R CGAAGACTGTTGAGGCC 45  
contig103 Ah103R CTATTTTTCGTCAGTCG 49  
contig109 Ah109R CCTTGATTCACTCTTCC 44  
contig112 Ah112R GGAACAACCTTCGGAGC 50  
contig113 Ah113R TATCAAAATTTCATAGG 44  
contig116 Ah116R GCTGTAACGCCCACTGG 56  
contig117 Ah117R GAGAAGTAGTGGCCAGC 46  
contig118 Ah118R TTGGCGTTGGATGTTGC 53  
contig119 Ah119R GGGAGATTCGATTCTGG 46  
contig120 Ah120R CCTCCGATACTGAAACC 46  
contig121 Ah121R CCCAGGAGGCGAAAGCC 54  
contig122 Ah122R CATGTATTCGGCGTGGG 53  
contig123 Ah123R GCTGGGTGGTCGATGGG 49  
contig124 Ah124R CCACACTTCTGGGATCC 57  
contig129 Ah129R GACCATGCCACATCTCC 67  
contig132 Ah132R CTTCTAGGTGCAATAGG 50  
contig134 Ah134R GCAGAGTGGTAGCTCCG 61  
contig136 Ah136R TGCGTACCAGATCTTCC 49  
contig139 Ah139R CTTCGAATCCTTCTTCC 48  
contig142 Ah142R GTGAGGAATGCGGATGG 57  
contig143 Ah143R TGGTTGTTGGGTGTGGG 65  
contig144 Ah144R ATTCCAGAAGCCCGAGC 48  
contig146 Ah146R CCTAACACTGAAATACC 49  
contig148 Ah148R AAAGGCGGAACAATCCG 48  
contig150 Ah150R GTCAGCCTTGCGTCGCC 51  
contig151 Ah151R TGCCTTAGGTTTTTAGG 45  
contig152 Ah152R CCACCCCAACCGCTCCC 46  
contig153 Ah153R AGATGGGAATATCTTCG 46  
contig156 Ah156R GCCGTGACAGTCACACC 50  
contig160 Ah160R TGTTTCTTAAAAAATGC 42  
contig161 Ah161R GAGAAACAAGAAAACCC 54  
contig162 Ah162R CCGGTAACACGGGTTCG 49  
contig166 Ah166R GCAAGATTCGTGCCGCC 52  
contig168 Ah168R CGCGTTTAATTTCTTCC 63  
contig169 Ah169R ATCTACATGGAATGCCG 52  
     
Contig Primer Sequence (5'-3') bp from 5' end 
Large 
Contig0001 

Ah0001F TGAGAAGGCAAAGAAGC 49  
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Large 
Contig0002 

Ah0002F GATTCTGGAATTTCTGC 48  

Large 
Contig0003 

Ah0003F CATACTCAACGTTTGGC 50  

contig001 Ah001F TTTACTTAAAAAGCGGG 41  
contig002 Ah002F CTAGTAGTTCAGGATGG 57  
contig003 Ah003F TGCGGCTTGGACGGCGC 53  
contig004 Ah004F GATTTTGCTAGGTTTGG 48  
contig006 Ah006F TCATCGTTAAACACACG 51  
contig007 Ah007F TCTCTTTTGCGTCAACG 51  
contig008 Ah008F ATGGATGGCTGATGAGG 48  
contig009 Ah009F AATAAACTATGTGTTGG 48  
contig010 Ah010F GCAAGGGCATCCTTGGC 50  
contig015 Ah015F TATGGGTAATAAATACG 48  
contig016 Ah016F AAATTTAAGCCCACGCG 52  
contig018 Ah018F GTAAGCGTCTGACTAGG 47  
contig020 Ah020F GGATTGTGCTGTGTGGC 48  
contig022 Ah022F AGTGAACATAATCGAGG 45  
contig023 Ah023F CTGATCTTGTTCAATGC 49  
contig024 Ah024F GGTTGCGCTTGTCCCCC 52  
contig026 Ah026F CCAGCGATACCCGAAGG 48  
contig028 Ah028F AGGCAGGGCATCAATGG 47  
contig029 Ah029F AGGTCAATCAAGTCTCC 46  
contig031 Ah031F TTCAGAGGCGGCTGAGG 53  
contig077 Ah077F CAGAGGTTTCGACGTGG 49  
contig085 Ah085F GCTTTAGAGCTACTGCC 48  
contig091 Ah091F GGATAGTTTTATTGAGC 48  
contig094 Ah094F TGGTTGGGAGCACTGCG 50  
contig097 Ah097F ATTGAGATTCCGGCACG 55  
contig100 Ah100F GTCGAGGCTTTTCTTGG 46  
contig101 Ah101F GGGTTCCGCCGTGTTCG 45  
contig103 Ah103F AATTTTGAAGACGAACG 68  
contig109 Ah109F GAACCCGCGACCTCCGC 47  
contig112 Ah112F AGTAACGATCAACTCGC 45  
contig113 Ah113F TCCCCGCAAAATCACCG 50  
contig116 Ah116F TCGCGAGCTTACCCGCC 50  
contig117 Ah117F CGTCGCGGATCTGGCGG 58  
contig118 Ah118F GTGGAAGATCGATCCGC 50  
contig119 Ah119F TGAGCAGGCCCACGTCG 50  
contig120 Ah120F GTAAAAGGATACAACGC 49  
contig121 Ah121F CCCAACCAAACCAGCCC 50  
contig122 Ah122F GCGTGAAGTGCCTCGGG 52  
contig123 Ah123F GCAAGGGCATCCTTAGC 50  
contig124 Ah124F TTCTGGTACTCGTGCGG 49  
contig129 Ah129F GGCCGTTTTCCTTCGGG 67  
contig132 Ah132F ATCGCGGTTATCAACGG 44  
contig134 Ah134F GTGTTAAGCACGCCGCC 48  
contig136 Ah136F GGCCCCTGGTTATGTCG 46  
contig139 Ah139F AGTAAAACTCGGAACCC 47  
contig142 Ah142F CAGTGGTTTCGACGTGG 46  
contig143 Ah143F AATACTCTCTTCCCCGC 48  
contig144 Ah144F CTTCTCTCCATCGTTCC 47  
contig146 Ah146F ATTAACCGCTCTTCCCC 50  
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contig148 Ah148F ATTGAGGGCATCCCCGG 52  
contig150 Ah150F TAAAAAGTAAGCGGTGG 47  
contig151 Ah151F AGAGCACTATGCGGGGG 46  
contig152 Ah152F AGCTCGCTTTGTATAGC 41  
contig153 Ah153F GCGATGGAAATACCCCC 47  
contig156 Ah156F TTGGCGATTGTTGCGCC 48  
contig160 Ah160F ATACGAAGTAATCATCG 46  
contig161 Ah161F GCGGGCTGAAATCTAGG 46  
contig162 Ah162F AAAACGCCAGAAATTGG 49  
contig166 Ah166F GTTGTAGTGTTTTACGC 64  
contig168 Ah168F TGGACAAAAGAAACAGC 46  
contig169 Ah169F TTTGGGGGCTGGGGTGG 57  
 
a: F denotes forward primer and R denotes reverse primer. 
b: Underlining denotes restriction sites introduced into the primer. 
 

2.3 DNA techniques 

Genomic DNA from A. haemolyticum was isolated as described previously  (97).  

Electroporation-mediated transformation of A. haemolyticum strains was performed as 

described previously for A. pyogenes (59), except that a capacitance of 25 µF and a 

resistance of 200 Ω were used. 

E. coli plasmid DNA extraction, transformation, DNA restriction, ligation, and 

agarose gel electrophoresis, were performed as previously described (5).  Preparation of 

DNA probes, DNA hybridization, and probe detection were performed using a 

Digoxigenin DNA Labeling and Detection Kit (Roche), as recommended by the 

manufacturer. 

PCR DNA amplification was performed using Taq or Vent DNA polymerase 

(NEB) with the supplied reaction buffer for 35 cycles consisting of 1 minute at 94°C, 

1 minute at 50°C or 55°C (pld-containing sequences), and 1 minute/kb at 72°C, with a 

final extension step of 72°C for 5 minutes. 
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Amplification of A. haemolyticum genomic DNA with pooled primers was 

performed using Vent DNA polymerase (NEB) for 35 cycles consisting of 1 minute at 

94°C, 1 minute at 50°C and 1.5 minutes at 72°C, with a final extension step of 72°C for 

5 minutes.  The total amount of all primers in the reaction was 10 μM.  The PCR 

products were gel purified and extracted using the Wizard PCR Preps DNA Purification 

System (Promega), and cloned using the pGem-T Easy Vector System (Promega).  The 

nucleotide sequence was determined as below, using the specific primers from the PCR 

reaction. 

The draft genome sequence of A. haemolyticum ATCC9345 was obtained by 

fee-for-service pyrosequencing at 454 Lifesciences Inc.  Pyrosequencing is a method of 

DNA sequencing based on the "sequencing by synthesis" principle, which relies on 

detection of pyrophosphate release on nucleotide incorporation, rather than chain 

termination with dideoxynucleotides. 

The GenomeWalker™ Universal Kit (Clontech) was used to extend contigs ends 

and was used as described by the manufacturer.  Briefly, A. haemolyticum ATCC9345 

genomic DNA was digested with PstI and the ends were ligated to oligonucleotide 

adaptors which have homologous sequences to kit-associated primers.  PCR reactions 

were performed with A. haemolyticum specific primers designed to fire outwards from 

the end of contigs (Table 2.3) and the kit-associated primer which would act as the 

reverse primer in the reaction.  The PCR protocol used a two step procedure, as follows; 

7 cycles at 94°C for 25 seconds and 72°C for 3 minutes, 32 cycles at 94°C for 25 seconds 

http://www.promega.com/catalog/catalogproducts.aspx?categoryname=productleaf_31
http://www.promega.com/catalog/catalogproducts.aspx?categoryname=productleaf_31
http://en.wikipedia.org/wiki/DNA_sequencing
http://en.wikipedia.org/w/index.php?title=Sequencing_by_synthesis&action=edit&redlink=1
http://en.wikipedia.org/wiki/Pyrophosphate
http://en.wikipedia.org/wiki/Dideoxynucleotides
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and 67°C for 3 minutes, followed by a final cycle of 67°C for 7 minutes.  The PCR 

products were purified and sequenced as described above. 

The sequence of aln was confirmed from pBJ41 using automated nucleotide 

sequencing.  Sequencing was performed on both strands using oligonucleotide primers 

designed to the sequence of aln.  Sequencing reactions were performed by the DNA 

Sequencing Facility at The University of Arizona, using a 377 DNA sequencer (Applied 

Biosystems Inc.). 

 

2.4 Sequence analysis and annotation 

All sequence data were compiled using Sequencher (GeneCodes Inc.).  Database 

searches were performed using the BlastX and BlastP algorithms (3).  tRNA sequences 

were identified using the tRNAscan-SE program (73).  Signal sequence prediction was 

performed using SignalP (90).  Transcriptional terminators were identifier using mfold 

(136).  Multiple sequence alignments were performed using CLUSTAL W (114).  PEST 

sequence prediction used the pestfind algorithm 

(http://emboss.bioinformatics.nl/cgi-bin/emboss/pestfind). 

Sequence annotation was performed manually using the BLAST suite of 

programs (3), or using automated annotation programs, BASys (118) or the Rapid 

Annotation using Subsystem Technology (RAST) Server (83). 

 

2.5 PLD expression studies 

http://emboss.bioinformatics.nl/cgi-bin/emboss/pestfind
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PLD production by A. haemolyticum isolates was identified by the presence of 

hemolysis following growth on TS agar plates with 5% bovine blood and 10% Equi 

Factor (EF agar).  Equi Factor was prepared from the 0.2 µm filtered supernatant of an 

overnight culture of Rhodococcus equi ATCC6939 (70). 

Samples of A. haemolyticum ATCC9345 broth culture were harvested at points 

throughout the growth cycle.  Culture supernatants were obtained by centrifugation and 

0.2 µm filtration, and stored at -80oC prior to assay for PLD activity.  Wells were 

punched into TS agar containing 5% bovine blood and 10% Equi Factor and 20 µl of 

culture supernatant was added.  Zones of hemolysis were measured after 4 hours 

incubation at 37oC. 

 

2.6 Other methods 

The other methods used in this study are described in Appendices 1 and 2. 
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Chapter 3: The role of PLD in A. haemolyticum virulence 

 

3.1 Summary of Manuscript 1 (Appendix 1) 

A. haemolyticum is an emerging bacterial pathogen.  This organism expresses a 

non-HKD PLD, which we propose promotes bacterial pathogenesis through its action on 

host cell membranes.  As can be seen with other virulence factors, the pld gene of 

A. haemolyticum is found on a genomic region of reduced mol %G+C and is upstream of 

duplicated tRNA genes (Fig. 1, Appendix 1), suggesting the possibility of horizontal 

acquisition.  Recombinant PLD rearranged HeLa cell lipid rafts in a dose-dependent 

manner (Fig. 2C, Appendix 1), and this was inhibited by cholesterol sequestration or the 

addition of antibodies against PLD (Fig. 2D, Appendix 1).  PLD also promoted bacterial 

adhesion to host cells, as a pld mutant had a 60.3% reduction in its ability to adhere to 

HeLa cells as compared to the wildtype (Fig. 3A, Appendix 1).  In invasion studies, it 

appeared that bacteria which did not express PLD were better able to invade HeLa cells 

(Fig. 3B, Appendix 1), however, we found this to be an artifact due to the fact that 

intracellularly-expressed PLD is toxic to host cells.  As determined by MTS/PMS, only 

15.6% and 82.3% of HeLa cells remained viable following invasion by the wildtype or 

pld mutant, respectively, as compared to untreated HeLa cells (Fig. 4, Appendix 1).  

Transmission electron microscopy of HeLa cells inoculated with A. haemolyticum strains 

revealed that the pld mutant was contained within intracellular vacuoles, as compared to 

the wildtype, in which the bacteria had escaped the vacuole and the HeLa cells displayed 

the hallmarks of necrosis (Fig. 6, Appendix 1).  Similarly inoculated HeLa cells displayed 
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no signs of apoptosis, as measured by induction of caspase 3/7, 8 or 9 activity (Fig. 5, 

Appendix 1).  From these data, we propose that PLD acts in multiple ways to aid in 

pathogenesis.  First, PLD acts as a lipid raft modulator that clusters host receptors which 

aids in bacterial adhesion to the host.  Second, PLD expressed intracellularly, may be 

responsible for escape of the bacterium from the endocyctic vacuole to evade lysosomal 

fusion and bacterial death.  Third, PLD may aid in dissemination from the initial site of 

infection by causing direct host cell death, releasing the organism into the extracellular 

space.  It is also possible that PLD may work in conjunction with other A. haemolyticum 

virulence factors in some way. 

 

3.2 Additional results not presented in the manuscript 

3.2.1  The A. haemolyticum pld mutant does not participate in synergistic hemolysis. 

In order to demonstrate allelic exchange, the pld gene was amplified from 

A. haemolyticum ATCC9345 by PCR with specific primers (Table 2.3).  pld was cloned 

into pBC KS (Stratagene), a ColE1 derivative, which does not replicate in 

Arcanobacterium spp.  The pld open reading frame was disrupted by introduction of a 

Km resistance cassette from Tn903 (99) to generate pBJ30.  pBJ30 was introduced into 

A. haemolyticum ATCC9345 by electroporation, selecting for mutants by growth on EF 

agar and Km.  While A. haemolyticum expresses a hemolysin (see Chapter 4), PLD is 

itself not directly hemolytic, but can be detected as synergistic hemolysis in the presence 

of Equi Factor.  Putative KmR mutants were patched onto EF agar and Cm, resistance to 

which is encoded by pBC KS.  Five CmS, KmR mutants were obtained.  These mutants 
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were non-hemolytic when grown on EF agar (Fig. 3.1), and arose by a double cross-over 

recombination event as confirmed by the absence of pBC KS sequences via by Southern 

blotting (data not shown).  A complementing plasmid, pBJ61, was constructed by 

inserting the pld gene into pJGS180 (62), which replicates in A. haemolyticum.  

Hemolysis on EF agar was restored following transformation of the pld knockout mutant 

with this plasmid (Fig. 3.1).  This is the first demonstration of allelic exchange in 

A. haemolyticum. 

 
 

B

C

A

D

 
 
Figure 3.1:  The A. haemolyticum pld mutant cannot participate in synergistic hemolysis.  
A. haemolyticum strains were grown on EF agar for 48 hours at 37oC.  A: wildtype; B: 
BJ5102 (pld mutant); C: BJ5108 (pld mutant carrying pJGS180); D: BJ5107 (pld mutant 
carrying pBJ61, which contains pld). 
 

3.2.2  PLD expression over the growth curve 

To ascertain at what point in the in vitro growth cycle PLD was maximally 

expressed, A. haemolyticum ATCC9345 was inoculated at OD600 = 0.1 in TS broth with 
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10% newborn calf serum and incubated at 37oC with shaking.  At hourly time points (2-9 

hours) and at 24 hours, 1ml samples were removed and were assayed for PLD activity.  

In vitro, PLD was expressed maximally during the exponential phase of growth 

(Fig. 3.2). 
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Figure 3.2:  PLD is expressed maximally during the logarithmic phase of growth.  
A. haemolyticum ATCC9345 was grown in TS broth with 10% newborn calf serum at 
37oC with shaking.  At intervals, samples were removed and the amount of PLD in the 
sample was determined by measuring the zone in of hemolysis on EF agar following 4 
hours incubation at 37oC. 
 

3.2.3  Prevalence of the pld gene in 53 A. haemolyticum isolates 

To determine if the pld gene is present in all isolates of A. haemolyticum, DNA 

hybridization with a pld-specific probe was performed.  The pld-specific probe was 

prepared by amplification of A. haemolyticum ATCC9345 genomic DNA with primers 

PLD1F and PLD2R (Table 2.3) in the presence of DIG DNA Labeling Mix (Roche).  The 

pld-specific DIG-labeled probe was 394bp and spanned 472-865bp of the pld gene.  
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Genomic DNA was isolated from A. haemolyticum isolates (n = 53) and subjected to 

DNA dot hybridization under high stringency conditions.  A. pyogenes BBR1 genomic 

DNA was included as a negative control.  DNA from all A. haemolyticum strains, but not 

A. pyogenes showed positive results from the dot blot analysis confirming that it is a 

prevalent gene in this organism (Fig. 3.3). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.3:  DNA dot hybridization of genomic DNA from A. haemolyticum strains with 
a pld-specific probe.  Approximately 500ng of genomic DNA from 53 A. haemolyticum 
isolates and A. pyogenes BBR1, as a negative control, was spotted onto a nylon 
membrane and hybridized with pld-specific probe under high stringency conditions.  
A. haemolyticum ATCC9345 DNA is in the second last spot.  A. pyogenes BBR1 DNA is 
in the last spot. 
 

3.2.4  Growth of wildtype and mutant A. haemolyticum 

To ensure that the altered adhesion and invasion phenotypes seen were not due to 

any growth defects in the pld mutant strains, wildtype, pld mutant, complemented pld 

mutant and the pld mutant containing only the vector were inoculated at OD600 = 0.1 in 

TS broth with 10% newborn calf serum and incubated at 37oC with shaking.  At hourly 

time points (0-9 hours) and at 24 hours, samples were removed and the OD600 was 
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determined.  There were no significant differences in bacterial growth between strains 

(data not shown). 

 

3.2.5  Purification of HIS-PLD 

The pld gene, lacking the signal sequence coding region, was amplified from 

A. haemolyticum ATCC9345 genomic DNA by PCR (Table 2.3).  These primers 

amplified an 886 bp product from bases 81-940 of the pld gene, which was cloned into 

pTrcHis B (Invitrogen) to generate pBJ31, encoding HIS-PLD.  Cultures for purification 

of HIS-PLD were grown to an OD600 = 0.6 prior to induction with 2.5 mM IPTG for 

3 hours and harvested by centrifugation.  Cells were solubilized in 8 M urea at 4°C 

overnight with gentle agitation.  HIS-PLD was purified from the soluble material using 

TALON metal affinity resin (Clontech), and eluted from the resin with 150 mM 

imidazole in 20 mM Tris-HCl, 100 mM NaCl, pH 8.0.  Purified HIS-PLD was subjected 

to electrophoresis in a 10% (w/v) SDS-polyacrylamide gel.  SDS-PAGE and Coomassie 

Blue staining of purified HIS-PLD yielded a band of approximately 35.5 kDa and showed 

greater than >95% purity (Fig. 3.4A). 

HIS-PLD was transferred to nitrocellulose and Western blots were immunostained 

using rabbit anti-HIS-PLD (prepared by immunization of a rabbit with HIS-PLD, 

Antibodies Inc.) and goat anti-rabbit IgG(H+L)-peroxidase conjugate (KPL) as the 

primary and secondary antibodies, respectively.  Antiserum against PLD, but not 

pre-immune antiserum, reacted specifically with HIS-PLD (Fig. 3.4B and C).  Purified 
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HIS-PLD retained hemolytic activity as demonstrated by PLD activity assay (data not 

shown). 
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Figure 3.4:  Overexpression and purification of HIS-PLD.  Whole-cell lysates of 
IPTG-induced cultures of DH5αMCR (pTrcHisB) (lanes 1) and DH5αMCR (pBJ31) 
(lanes 2) and 500ng purified HIS-PLD (lanes 3) were subjected to SDS-PAGE.  
Separated proteins were stained with Coomassie brilliant blue (A) or were transferred to 
nitrocellulose by Western blotting and immunostained with 1/5000 rabbit pre-immune 
serum (B) or rabbit anti-HIS-PLD (C).  The position of the 35.5 kDa HIS-PLD band is 
indicated by the arrow.  Molecular mass markers (kDa) are indicated on the left. 
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Chapter 4: The role of ALN in virulence 

 

4.1 Summary of Manuscript 2 (Appendix 2) 

Examination of a draft A. haemolyticum genome sequence revealed that this 

organism expresses a CDC, designated arcanolysin (ALN).  Sequencing of the gene 

region showed that aln is 1,764 bp in length and has a lowered mol %G+C of 46.5% as 

compared to the mol %G+C of the rest of the genome which is 53.1% (Fig. 1, 

Appendix 2).  The protein is 587 amino acids in length, which includes a 44 amino acid 

signal sequence that signals the protein to be secreted by the cell.  ALN is most similar to 

PLO of the related animal pathogen, A. pyogenes, with 59.4% amino acid identity and 

74.3% similarity (Fig. 2, Appendix 2).  CDCs contain a highly conserved undecapeptide 

sequence that resides in domain 4 of the protein and is involved in membrane recognition 

and binding.  ALN contains a variant undecapeptide sequence (Fig. 3A, Appendix 2).  

Another divergent feature of this protein from the classical CDCs is that it contains an 

N-terminal extension sequence that is similar to that found in LLO of L. monocytogenes 

and SLO of S. pyogenes (Fig. 3A, Appendix 2).  This portion of LLO contains a 

PEST-like sequence which is responsible for degradation of the toxin within the host cell 

cytoplasm.  Using an algorithm for identification of PEST sequences, ALN received a 

PEST score of 7.59 whereas the PEST score for LLO, which contains a bona fide PEST 

sequence, was 4.71.  Recombinant, HIS-tagged ALN was cloned and purified (Fig. 4, 

Appendix 2), and was showed to have an unusual preference for human cells.  It was 

10-fold more active on human blood cells, and ~4-fold more active on rabbit 
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erythrocytes, compared to bovine or ovine erythrocytes, for which it had low activity 

(Fig. 5A, Appendix 2).  With nucleated cells similar results were observed.  ALN was 

~10 times more cytotoxic on cultured cells from human origin, compared with bovine, 

canine cells and murine cells (Fig. 5B, Appendix 2), and again displayed intermediate 

activity on rabbit and hamster cell lines (Fig. 5B, Appendix 2)..  The only other CDC 

known to date that displays any species specificity is ILY of S. intermedius, which has a 

preference for human cells, as the primary host cell receptor is human-specific CD59 and 

not cholesterol (43).  ALN activity was also less inhibited by free cholesterol than a 

typical CDC, such as PFO (Fig. 6, Appendix 2), supporting the notion of an alternative 

receptor other than cholesterol.  ALN activity was not affected by pre-incubation of host 

cells with anti-CD59, indicating that this receptor is different to that for ILY. 

CDCs form pores in host cells via an order set of steps beginning with binding of 

the monomer to the host cell (Fig. 1.5).  To ascertain whether the species preference 

observed was due to the initial step of toxin binding to the host cell (as opposed to any 

inability to oligomerize or form a functional pore), the ability of ALN to bind directly to 

host cell membranes was examined.  Interaction of CDCs and host cells at 4oC does not 

inhibit toxin binding, but prevents the subsequent step of oligomerization.  ALN shows 

~100% binding to the membranes of rabbit and human erythrocytes and no binding to 

bovine or ovine erythrocyte membranes (Fig. 7, Appendix 2), indicating that the species 

preference occurs at the level of initial toxin interaction with the host membrane.  It is 

possible that ALN, in conjunction with another toxin (perhaps PLD), is responsible for 
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dissemination of A. haemolyticum from initial site of infection into deeper tissues to 

cause more serious disease. 

 

4.2 Additional results not presented in the manuscript 

4.2.1 Prevalence of the aln gene in 53 A. haemolyticum isolates 

To determine if the aln gene is present in all isolates of A. haemolyticum, DNA 

hybridization with an aln-specific probe was performed.  The aln-specific probe was 

prepared by amplification of A. haemolyticum ATCC9345 genomic DNA with primers 

ALN7F and ALN4R (Table 2.3) in the presence of DIG DNA Labeling Mix (Roche).  

The aln-specific DIG-labelled probe was 561bp and spanned 438-998bp of the aln gene.  

Genomic DNA was isolated from A. haemolyticum isolates (n = 53) and subjected to 

DNA dot hybridization under high stringency conditions.  A. pyogenes BBR1 genomic 

DNA was included as a negative control.  DNA from all A. haemolyticum strains, but not 

A. pyogenes showed positive results from the dot blot analysis confirming that it is a 

prevalent gene in this organism (Fig. 4.1). 
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Figure 4.1:  DNA dot hybridization of genomic DNA from A. haemolyticum strains with 
an aln-specific probe.  Approximately 500 ng of genomic DNA from 53 A. haemolyticum 
isolates and A. pyogenes BBR1, as a negative control, was spotted onto a nylon 
membrane and hybridized with aln-specific probe under high stringency conditions.  
A. haemolyticum ATCC9345 DNA is in the second last spot.  A. pyogenes BBR1 DNA is 
in the last spot. 
 

4.2.2 Attempts at construction of a mutant in ALN production 

Several attempts to knockout out the aln gene via allelic exchange, in a similar 

manner to that of pld, were pursued.  The aln gene was disrupted by introduction of an 

EmR cassette to generate pBJ59.  This EmR cassette was expressed in A. haemolyticum 

(B.H. Jost, personal communication).  However, numerous attempts to introduce this 

plasmid into A. haemolyticum ATCC9345 using the same electroporation conditions as 

for construction of the pld mutant were unsuccessful.  The reason for this is currently 

unknown. 
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Chapter 5:  Genome gap analysis and closure 

 

5.1 Determination of a draft genome of A. haemolyticum 

One approach for the efficient identification of bacterial virulence factors is 

bioinformatic analysis of genome sequences.  However, at the commencement of this 

study, no genome sequence for A. haemolyticum was available.  Therefore, our lab 

undertook to determine the genome sequence of A. haemolyticum ATCC9345.  A cost 

effective strategy was to use pyrosequencing to determine the majority of the genome, 

with the rationale that a large number of potential virulence factors could be identified 

within the draft genome alone. 

A. haemolyticum ATCC9345 genomic DNA was submitted to 454 Lifesciences 

Inc. and genome sequence to >20X coverage was obtained.  Based on the total length of 

the 75 contigs, ~1.95 Mb of non-redundant sequence was obtained.  The predicted size of 

the A. haemolyticum genome is approximately 2.0-2.2 Mb, as determined by pulsed field 

gel electrophoresis (B.H. Jost and S.J. Billington, personal communication), and suggests 

that 88.6-97.5% of the genome (depending on actual size) was obtained by the 

pyrosequencing method.  The overall mol %G+C content of the genome is 53.1%, which 

is in good agreement with the reported DNA base composition of A. haemolyticum of 

50-52 mol %G+C, as estimated from melting point determinations (26).  No plasmids 

were identified as part of the genome. 
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5.2 Attempts at gap closure 

5.2.1 Primer pools 

Outward firing primers were designed within 42-68 bp from the end of each 

contig (Table 2.3), and were used to amplify genomic DNA of A. haemolyticum 

ATCC9345.  Primers were randomly placed into 40 pools of ~10 primers/pool and ~400 

PCR reactions were performed.  Individual amplicons were excised from agarose gels, 

and cloned into pGem-T Easy and the libraries from each primer pool were used to 

transform E. coli DH5αMCR.  Insert-containing clones were identified by blue/white 

screening (Fig. 5.1).  Plasmid DNA was prepared and subjected to automated nucleotide 

sequencing.  The sequences obtained were compared to the draft genome in the hopes of 

extending of the contigs end by this approach. 

 

 
 
Figure 5.1:  Gel electrophoresis and ethidium bromide staining of undigested genomic 
DNA from clones obtained from PCR with pooled primers.  A representative sample of 
the clones obtained is shown.  The arrow indicates the position of chromosomal DNA, 
while the square bracket indicates the position of the plasmid DNA. 
 

Amplification was obtained from ~80% of the reactions although only 20% of the 

reactions had amplicons that could be purified to a sufficient concentration for cloning.  

All these amplicons were purified, ligated into pGEM-T Easy and used to transform 

E. coli.  Insert-containing clones were obtained from 25% of the libraries.  Even with the 

use of a touchdown protocol, the vast majority of the PCR products appeared to be 
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non-specific, as determine by reamplification with individual primer pairs, or were 

internal to existing contigs (data not shown).  However, 10 sequences were extended by a 

total of ~ 3kb and seven gaps were closed with this method.  Despite this, given the 

amount of effort required and the expense involved, this protocol was abandoned in favor 

of a more efficient, alternate approach. 

 

5.2.2 GenomeWalker™-based approach 

One possible reason for the lack of specific products in the pooled primer 

approach (above) is that some gaps were larger than could efficiently be spanned by 

non-optimized, regular PCR (1.0-1.5kb).  GenomeWalker™ (Promega) is a nested PCR 

method capable of generating up to 5 kb fragments of DNA.  This method was designed 

for eukaryotic genomes, and had only been used in a limited capacity with bacterial 

genomes. 

This approach was more successful, with 16 contigs extended and/or gaps closed, 

and an additional ~10 kb of genome sequence generated. 

 

5.2.3 Synteny-based approach 

As may be expected, some synteny was observed following comparison of the 

A. haemolyticum and an A. pyogenes draft genome (S.J. Billington, personal 

communication).  A complete analysis of gene synteny could not performed as the two 

genomes were in many contigs.  However, we attempted to use this synteny to link some 

of the contigs in the A. haemolyticum draft genome.  A. pyogenes and A. haemolyticum 
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genomic sequences were manually compared for regions of synteny at contigs end, and 

where synteny was found, outward firing primers were designed.  Fig. 5.2 shows a 

schematic representation of this approach. 

 

 
 
Figure 5.2:  Schematic representation of gap closure using a synteny-based approach.  
The arrows indicate genes and the direction of transcription, while genes of the same 
color are homologous.  Regions of synteny with the A. pyogenes genome allowed 
identification of A. haemolyticum contigs ends that were within <5 kb of each other.  The 
blue arrows represent the outwardly firing primers which would amplify region this 
region of the genome. 
 

The GenomeWalker™ PCR method was used to generate products for automated 

nucleotide sequencing and the sequence generated was compared to the exiting contigs.  

Generally, contig ends were in regions in the genome that did not share synteny with the 

draft A. pyogenes genome and only one contig was able to be linked in this way. 

After all attempts at gap closure were completed, the final draft genome was in 50 

contigs and consists of 1,947,099 bp. 

 

5.3 Genome annotation 

Initial genome annotation used the web browser-based automated genome 

annotation tool BASys (118).  BASys identified 1,870 ORFs within the 75 original 

contigs.  One limitation with BASys was that while it used the National Center for 

Biotechnology Information (NCBI) databases for comparison, the database used was an 
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older version than what was available online and it was not updated frequently, leading to 

the inability to identify newly discovered or annotated genes.  The BASys algorithm also 

consistently had difficulty identifying frame-shifted sequences and usually considered 

them two ORFs. 

An alternate annotation approach used the RAST Server (83), which uses 

different algorithms, has significantly better outputs and uses the most recent NCBI 

databases for comparison.  Using the RAST server, 1,633 ORFs, 45 tRNAs and 9 other 

RNAs were identified within the 50 contigs that made up the A. haemolyticum genome.  

The RAST server algorithms were also significantly better at identifying frame-shifted 

sequences as part of the same ORF, thus resulting in a lower number of ORFs than 

obtained using BASys.  Of the 1,633 ORFs, RAST was able to assign functions to 79.2%, 

and 20.8% genes were given the designation of hypothetical.  RAST can output the 

annotated genes in a graphical subsystems output format which groups genes that have a 

set of functional roles that together implement a specific biological process or structural 

complex.  The subsystems distribution of the different genes is shown in Fig. 5.3.  

Approximately 75% of the annotated genes were assigned to the various subsystems. 

 

5.4 Virulence genes identified in the draft genome 

5.4.1 Genes encoding putative toxins 

Genes encoding two secreted toxins were identified within the A. haemolyticum 

genome.  As expected, pld, the only sequenced A. haemolyticum gene, was identified.  

However, despite being clearly annotated as a phospholipase gene in GenBank, pld was 
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not annotated by either BASys or the RAST Server, and was identified by manual 

comparison of the genome contigs with the published pld sequence.  This highlights a 

significant issue with automated annotation, as this important virulence factor was 

designated as a gene encoding a hypothetical protein and its presence would have 

otherwise gone undetected. 

 
 

 
 
Figure 5.3:  The subsystems distribution of the different genes in the A. haemolyticum 
genome. 
 

A gene encoding a toxin with similarity to SLO was also identified within the 

genome sequence.  This was the first evidence that A. haemolyticum could express a 

CDC, which was designated ALN. 

PLD and ALN were both extensively characterized, as described in Chapters 3 

and 4, respectively. 
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5.4.2 Genes encoding putative adhesions 

The ability to adhere to the host is an important trait, as it is often the first step in 

the infectious process.  Furthermore, a multitude of adhesive mechanisms may be 

expressed by bacteria, and one organism may express multiple adhesins at one time.  

Some of the adhesive mechanisms of the related organism, A. pyogenes have been 

determined.  They include fimbriae (25), neuraminidases (61, 62) and proteins that bind 

to host extracellular matrix components (35).  Genes encoding homologues of all these 

proteins were identified in the A. haemolyticum draft genome. 

Within the A. haemolyticum genome, three fimbrial gene operons were identified 

(Fig. 5.4).  Fimbrial operons 1 and 2 encode homologues of the Actinomyces naeslundii 

type 2 fimbrial operon (128), while operon 3 encodes fimbrial subunits similar to that of 

A. naeslundii type 1 fimbriae (127).  Operon 1 encodes all three genes associated with 

type 2 fimbrial operons, but operon 2 does not encode a sortase-like enzyme (Fig. 5.4). 

Fimbrial operons almost always contain their cognate sortase(s) (115), so the 

absence of a sortase gene in operon 2 may indicate that the operon is non-functional, or 

assembly of the subunits may share a sortase with another fimbrial operon, which has 

been demonstrated in the laboratory, but is not commonly seen in nature (115).  No 

additional sortases were identified in the genome, and this is considered unusual as most 

(if not all) Gram-positive bacteria carry at least one housekeeping sortase gene. 
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Figure 5.4:  Maps of the three putative fimbrial operons identified in the 
A. haemolyticum genome.  The arrows indicate genes and the direction of transcription 
and the numbers below the arrow indicate the mol %G+C of the gene.  Gene names are 
given inside the arrows.  A bar indicating 1kb is shown on the right. rarD: 
chloramphenicol resistance permease; yab: hypothetical gene; yac: hypothetical gene; 
cpdB: 2',3'-cyclic nucleotide 2'-phosphodiesterase; clpC: ATPase. 
 

Operon 3 encodes a characteristic type 1 operon, and this is the only fimbrial 

operon that displays any significant homology to any of the four fimbrial operons 

encoded in the A. pyogenes genome (25).  With the exception of operon 3, each of the 

fimbrial genes has a lower mol %G+C content than the genome (Fig. 5.4). 

TEM has identified fimbriae on A. pyogenes cells (126), but this is the first 

evidence that fimbriae may be expressed by A. haemolyticum. 

All A. haemolyticum strains express neuraminidase activity (108), and the genome 

sequence contains genes for two neuraminidases (N-acetylneuraminyl hydrolase 

EC 3.2.1.18), designated NanH and NanA (Fig. 5.5).  NanH is a 92.2 kDa cell 

wall-anchored protein with 23.2-26.0% amino acid identity and 39.4-42.2% similarity to 
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known neuraminidases, Ned from Micromonospora viridifaciens (GenBank Accession 

D01045), NanH from A. naeslundii (GenBank Accession X62276) and NanH from 

A. pyogenes (GenBank Accession AF298154).  Only a portion of the nanA gene was 

sequenced, as this gene was at the end of a contig.  The partial NanA has approximately 

the same similarity to known bacterial neuraminidases as NanH from A. haemolyticum.  

The mol %G+C content of nanH (47.2%) and nanA (45.4%) is lower than both the 

genome average and that of the surrounding genes.  Interestingly, NanA and NanH are no 

more similar to one another than they are to neuraminidases from other bacterial species. 

Generally, bacterial neuraminidases have only 20-30% amino acid sequence 

identity, but contain two conserved motifs, the RIP/RLP motif (Arg-Ile/Leu-Pro), and the 

(Ser-x-Asp-x-Gly-x-Thr-Trp) which occurs 4-5 times in the enzyme (40).  Both the 

A. haemolyticum neuraminidases have these motifs (Fig. 5.5).  In addition, NanH has a 

C-terminal cell wall anchor sequence, indicating that this enzyme is present in the cell 

wall (Fig. 5.5).  The sequence of nanA is truncated at the 3’ end, so it is unknown if the 

NanA enzyme is similarly located.  However, both the neuraminidase of A. pyogenes are 

cell wall-associated (61, 62), as is the neuraminidase of A. naeslundii (129), so it would 

not be unexpected that NanA may also be cell wall associated. 

Two partial open reading frames at the end of contigs were identified that 

encoded putative collagen binding proteins, designated Cpa and CbpA.  Cpa showed 

38.0% similarity to the collagen adhesion of S. pyogenes, which is itself assembled into 

S. pyogenes fimbriae (89).  However, the A. haemolyticum cpa gene does not appear to be 

http://www.ncbi.nlm.nih.gov/nuccore/39254?ordinalpos=1&itool=EntrezSystem2.PEntrez.Sequence.Sequence_ResultsPanel.Sequence_RVDocSum
http://www.ncbi.nlm.nih.gov/nuccore/13194556?ordinalpos=1&itool=EntrezSystem2.PEntrez.Sequence.Sequence_ResultsPanel.Sequence_RVDocSum
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located near any of the identified fimbrial operons and may be directly anchored to the 

cell wall as a single protein, rather than as part of a fimbrial strand. 

 
MRKFTSRLVAGIATMGLLIAPALPASASSEVINKRTLVNHAKTVGDAGTAYLAVDNGPEDDVVRV
GETISFESRFQSGLSEIVYVKATSEALGDTQADKCSWRGVPYNSGAQLRQIPAKDGYWCVQKPSY
KVKEADLEHPTKTFDITYNVYKDANASGKPFSTLTVKKTVKIQKAIENPGEKDGPKDVLLAKAND
FDFPVHRIPALAKAPNGNLLAAWDGRPAVYSNNDSPNPNTILLRISKDNGETWEPVQKIASGQLR
DKASGKKQIGYSDPSFVVDNVSGKVFAFFVKSYDQGIAGSRSGVDPEDPNVIHAVYVVSENNGES
WSAPKDVTGILAEGYKQHARFATSGAGIQLKYGDHPGRLIQQYLVVNNGQDGNWGSGEHQAVSLY
SDDNGKTWHSGKPVGTTMDENKVVELSDGKVLLSSRQFHHRGGRHYAISSDGGINYQMDYTNDNR
LADPQNNASIIRAFPEAKKGSALAKVLLSSHANSRKHYDRVNGTISYSLDDGATWTNGSVFKPGK
MQYSVMTALGNDAYGILYEGNDSTIVYKKVDLNWISPELAKYAEDHKADLGNADSEAAEKIKKLE
DEIADLKAKLEAANQAKDEAEKAAKKAEEEKRDADREKVKAETAKREVEAKLKKAEGDKADLEKR
VAELEGDIAKAEEAKKAADKAVEEANAAKKKAEEEAAELKAKNAELEKKLKEAGKAEIPLVPLTP
AEPTPAPEPQPAPAISMVSDKVAVGSQVVFTGTGFTPDAKVKVAVHSTAVELGEYVADKDGKITV
TWTVPAGFELGAHKVIFTAGDKTVEKSFTVVAPEKPVPTKPAAPGLAKTGVTLGLVAGLATLSIM
AGVVAVRRRHEV 
 
NanA (gene sequence truncated at the 3’ end) 
 
MKYQHIRKAVLAGIASSTLVFSGLAMAPLGHAADAEAPHPEAATAAPASEETLGTAEAVNLPAKE
GLKPQPSAQIGLGFSDITEPIAIQENVEGINYRIPAITATPKGDLIAAFDERPLSSEKASWTQLF
GRRHWKNGGDSPNPNSIVQYRSVDNGKSWQKENNICDGTVTSDMEKISGCSDPSYVVDWDTGKIF
NFHVRSYRAGLHESKSGNDAASHDVVQVEISESIDDGKTWNSRIITKNVTPDGNVKWRFATSGQG
IQLTHRSHKGWLIQQFTLGQGEPGTKQEAFSFISKDGGTTWNAGDAVGADMDENKVVELSDGRLL
LTSRHKNGKRLGKRIQAFSKNGGFSWERESVMPDVVDHGTNGQILKVFPGIPSEDPRSKVLLFAN
STSNIGDNDRHNGTVWLSCNDGENWTSKEFNKGSTGYVTITTQHDGRIGMLSEDGKNGKKEHGIY
YRSFGLDWVGTCPGVKEAIELDKAKADLEKAKSEKAKLEKQVAKQAEGLEKLQQNLEKAENKAVA
LQENVDKLALDIKAKTEALDELKADSETTRAEKARLQKEFDSINAKLEVAKAEKQRVASDLAVKE
AKLTESEKQKAAAEKKVAEQHKQIEDLNAKVKKAESERDQATESAKNLEEKAKEDAKSIEGLEGN
LSEFADENDALRSKINKLTKENTDLKAQLEKVKKELEEAKKVPQDDVKPKPAPQPAPQPEPAPEV
KGVTPHVDGITPDASDPAACMVTPYVKVSPVEGVTYEVTVDGQVISPTKDDLFTYEYLYGKTVKV
NAILKDGFTLAKGAKTTWSWTAPNRDELKCDTPA….. 
 
Figure 5.5:  Protein sequences of the neuraminidases identified in the A. haemolyticum 
genome sequence.  The putative signal sequence is in yellow.  The alternate starts in 
NanH are shown in bold.  The catalytic RIP motif (40) is shown in green.  The Asp box 
motifs (40) are shown in pink.  The cell wall anchoring motifs (78), are shown in blue. 
 

CbpA is most similar to a putative Corynebacterium jeikeium collagen binding 

protein (35.7% amino acid identity, 56.2% similarity; GenBank Accession NC_007164), 

but also shares 40.2% similarity with the bone fide collagen binding protein of 
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A. pyogenes, CbpA, and the partial sequence possesses all the critical amino acid residues 

for collagen binding (35).  As seen for many of the other genes encoding putative 

A. haemolyticum virulence factors, both the cpa (41.0%) and cbpA (46.2%) genes have 

mol % G+C contents which are substantially lower than the genome average. 

 

5.4.3 Genes encoding other putative virulence factors 

The genome also encodes a subtilisin-like serine protease, three esterase/lipases 

and a nuclease, designated NucA.  A. haemolyticum is known to produce a DNase (26), 

but protease or lipase activity by this organism has not been reported. 

 
NucA 
MIVAPMVALPMMALPAQATTANDDVVISEVYVKGDTKDGKYYDFVELYNPTNKKISLTNYSVEYF
SSKGKGTGAVKLLGDIAPKGHFLILGNGKNPNQKLQQDAKGKLNMAVASGSVKLTKDGATEVDLF
GWGAPRLFEKVALNKKTDAATSYQRTNPDKDTNDNSVDFTVAEATPTFTGGDAKLADNPVPPVDK
PAQPGGDSGERTTPAPEAPADPAPAGQKLAIADIQGTGSESPHKGKEVTTTGVVTAVYKYGFYGF
YMQTPGDDKTPDASDGIFVYSPKENSVKFADIAVGKQVEVTGTVDEYYGLTQIKHKSLTVLPDAP
EKVKPVVLNKIPDGDEAREKLEGMLVKVTGKYTVSSNYNTNRHGTLDLAPGESPFRNPSDVTADK
AQWPMIKEKNERERIALDDGSSVDYTKKDKKAWTHYDSPVPYLDVNNPLRVGTVVTLPQEMILDY
RSNQTNKDTYEKCWSLQPTKPLSDKKDLANKEWTNWVQFTSTRQDAPQFTEGNLSITSFNVLNYF
TTLGEEFKCKGYSSHDGIQLTSNNTCNARGAASQKAFEMQQSKIVKAINALDSSIVGLEEIENSV
KFGKDRDTALNALVAALNKDAGREKWVAVKSPAADKLPALDKQDFIRLAFIYQKDKVKTVGESEV
LIDGKQWAYARQPLAQKFVALENGKESGKPFVIVVNHLKSKGSDKDPGHPDDGFQGNNNHLRVLQ
VTEMAQWVAKKFADEPVFILGDLNSYTFEDPLMTLEKEFGYTSIAQKTGIKNHSYQYGGLVGSLD
HALGNPAAMAMVKAADVWNVNAMEPLAFEYSRYNYNINYKNLFDAASPFRSSDHDPIKVAIETRE
KKAEEPKTVSPGATAVMPHADDPAACKVKPFVTVTPVDGVTYSITVDGKEIQPRDTDANTFEYDY
GKTVVVTAKLADGYTLAEGAQTTWTWTAPSLEELKCVIPQTELTPATTKPAETKKTGTAAQDSQK
QTEPTQQVTGLAKTGASVLVITGVALLLIVGGTVLTRRRQK 
 
Figure 5.6:  Protein sequence of the putative exonuclease, NucA, identified in the 
A. haemolyticum genome sequence.  The putative signal sequence is in yellow.  The cell 
wall anchoring motifs (78), are shown in blue. 
 

NucA shows most amino acid similarity (35.3% identity and 53.8% similarity) to 

the extracellular nuclease of Corynebacterium accolens (GenBank Accession 
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ZP_03932160).  Interestingly, NucA also contains a C-terminal cell wall-anchoring motif 

(Fig. 5.6), which indicates that it is most likely a cell wall protein.  The cell wall 

anchoring motif is not found in the C. accolens nuclease. 
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Chapter 6: Discussion and conclusions 

 

A. haemolyticum is an emerging pathogen of man (98), and undoubtedly 

expresses a number of virulence factors that are important for the organism to cause 

disease.  We characterized the only known virulence factor, PLD, in depth.  We also 

identified a new A. haemolyticum virulence factor, ALN, a member of the CDC toxin 

family.  Both of these are secreted toxins.  PLD was shown previously to cause 

dermonecrosis (109), and we have determined the mechanisms by which this may occur.  

The role of ALN in disease pathogenesis is still unknown.  However, we predict that 

given the importance of CDCs in the disease pathogenesis of the bacteria that express 

them (2), ALN will also act as a virulence factor for A. haemolyticum.  We also 

determined a draft genome sequence, and were able to not only identify the gene 

encoding ALN, but also a number of other putative virulence and adhesive factors that 

have homologues in other bacterial species. 

With the data obtained through these studies, a model of how PLD may act in 

disease pathogenesis has been developed (Fig. 6.1).  Bacteria enter the body and, because 

A. haemolyticum is a primary pathogen and not known to be a commensal (8, 24, 74), it 

may be that PLD expression is already switched on, or that entry into a new host may 

trigger upregulation of PLD expression.  The pld gene has a σ70-like promoter (80), 

which is not common for arcanobacterial housekeeping genes (B.H. Jost, personal 

communication), and may also provide a further argument for its acquisition by 
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horizontal transmission.  However, nothing is known about factors which affect gene 

transcription, with the exception of growth in logarithmic phase (Fig. 3.2). 
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Figure 6.1:  Scheme showing possible roles for ALN and/or PLD in host cell adhesion 
and invasion.  A. haemolyticum are depicted in purple, the membrane rafts and platforms 
in green, the bacterial receptors in red, ALN pores in blue and the host cell nuclei are 
labeled N. 

 

Once in the host, PLD can then interact with the mucosal cells lining the upper 

respiratory tract.  The precise location where A. haemolyticum initiates infection is 

unknown, but given that the symptoms caused are similar to “Strep throat” (22, 121), it 

would seem reasonable to speculate that disease begins in the nasopharynx.  As 

A. haemolyticum expresses PLD, this enzyme interacts with the nasopharyngeal mucosa.  
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PLD is not directly toxic to the host cells when applied in large concentrations to the 

surface (Appendix 1), but that may be accounted for by the host plasma membrane repair 

and replenishment machinery, which can quickly turn over damaged phospholipids.  

Although this may not be necessary, as PLD is not lytic to erythrocytes in the absence of 

additional factors such as cholesterol oxidase (Equi Factor; Fig. 1.1), and erythrocytes 

cannot repair their membranes.  Instead, PLD appears to affect the architecture of host 

cell lipid rafts by cleavage of membrane phospholipids.  This cleavage releases 

ceramides, potent cell signaling molecules, that are released in normal physiological 

processes by host acid SMases (23, 47).  PLD-induced ceramide signaling rearranges the 

lipid rafts into large, receptor-rich platforms (Appendix 1, Fig. 2), which are known to 

increase the local concentration of receptor molecules that become trapped in the rafts 

(134).  A. haemolyticum seems to have taken advantage of this normal physiological 

process and uses the clustered receptors to promote efficient adhesion to the host cell 

(Appendix 1, Fig. 3A).  In addition, the resultant ceramide signaling cascade may have 

other downstream effects, which remain unknown. 

The identity of the receptors to which A. haemolyticum binds is unknown, but we 

speculate that like many mucosal bacteria (96), this organism adheres to proteins which 

make up the host extracellular matrix (ECM), such as collagen, fibronectin and/or 

laminin.  A. haemolyticum is known to adhere to ECM proteins (66), and two collagen 

adhesins (Chapter 5.4.2) and a protein with similarity to a laminin binding protein 

(B.H. Jost) were identified in the draft genome sequence.  There may be additional host 

cell receptors, for example, such as those to which the fimbriae identified in the genome 
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sequence adhere (Fig. 5.4), or those which may be exposed by the action of 

A. haemolyticum neuraminidases (Fig. 5.5). 

A. haemolyticum that have adhered to the host mucosa may remain extracellular 

or may be endocytosed into a vacuole, a process known as invasion.  S. pyogenes remains 

extracellular and, indeed requires its CDC, SLO, to do so (76).  Therefore, it may not be a 

requirement for A. haemolyticum to invade host cells for disease pathogenesis, at least in 

the case of pharyngitis.  In vitro, A. haemolyticum are able to invade host cells 

(Appendix 1, Fig. 3B), and while the mechanism for internalization is unknown, it would 

seem likely that bacterial attachment at a lipid raft stimulates the host cell to endocytose 

the adherent bacteria, as seen for other organisms (132). 

The invaded bacteria are contained in a vacuole, as observed by TEM, and the pld 

knockout appears to be incapable of escaping from the vacuole (Fig. 6, Appendix 1).  

Given that PLD is not lytic to plasma membranes, it seems unlikely that PLD plays a role 

in direct lysis of the vacuolar membranes.  However, vacuole membranes are not 

constantly being replenished and repaired by the cell, so it is possible that cleavage of SM 

within the membrane is able to cause enough disruption for bacterial escape, as SM 

accounts for 16% of the vacuolar membrane (4).  Additionally, interaction of PLD with 

vacuolar contents or other membrane molecules may enhance the lytic activity of PLD. 

It is possible that ALN may be acting in conjunction with PLD to allow bacterial 

escape from the vacuole.  Upregulation of ALN expression may only occur in the 

presence of PLD or possibly one of its cleavage products.  Following its expression, ALN 

alone could then lyse host cell membranes (Appendix 2, Fig. 5B), and facilitate vacuolar 
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escape like LLO of L. monocytogenes (103).  In addition, it is possible that there is yet 

another undefined bacterial product which interacts with PLD that is involved in the 

escape of A. haemolyticum from the vacuole. 

Once in the cytoplasm, it appears that PLD is able to cause cell death via direct 

necrosis (Appendix 2, Fig. 6), as host cells infected with the pld knockout had 

significantly better survival than those infected with the wildtype (Appendix 2, Fig. 4).  It 

is possible that PLD is only required for bacterial release from the vacuole and that ALN 

is the molecule directly responsible for the necrosis observed in infected cells.  This is 

less likely, as aln contains a PEST sequence which could allow the toxin to be active 

inside the vacuole, but once in the cytoplasm ALN could be tagged for degradation by 

host machinery, as seen with LLO (102).  However, this hypothesis needs to be 

confirmed experimentally. 

As a CDC, ALN may participate in any number of other ways to aid bacterial 

virulence (2).  This could occur both outside and inside the host cell.  ALN may act 

directly to lyse host cells (Appendix 2, Fig. 5B), which could facilitate bacterial 

dissemination into deeper tissue.  ALN may upregulate pro-inflammatory cytokines like 

PFO (18), and PLO (58), or may participate in CMT, as a function of its unusual 

N-terminal extension, like SLO (76).  ALN could participate directly in bacterial 

invasion, as seen with ILY (111), which occurs by an unknown mechanism.  ALN may 

play an important role only once A. haemolyticum becomes internalized, like LLO (103). 

Regardless of the exact mechanism(s), A. haemolyticum invasion into host cells 

leads to cell death via necrosis.  Necrosis results in cell lysis leading to the release of 
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mediators of inflammation.  Host tissue damage via inflammation can lead to exposure of 

normally unseen ECM components which can promote enhanced bacterial adhesion and 

further invasion, leading to bacterial dissemination into deeper tissue.  In addition, 

inflammation can damage endothelium, resulting in bacterial entry into the bloodstream, 

allowing deposition of bacteria into distal organs.  Either of these scenarios could explain 

the ability of A. haemolyticum to cause invasive disease (Table 1.1). 

In this study, we have investigated the ways in which two secreted toxins of 

A. haemolyticum, PLD and ALN, have the ability to aid in bacterial pathogenesis.  We 

predict that they do this by working both independently and synergistically.  However, 

much further work needs to be conducted to examine all the possible scenarios revealed 

by this data.  In addition to these two secreted toxins, we have identified other potential 

virulence factors within the draft genome, including those that are known adhesins in the 

related organism, A. pyogenes (25, 35, 62).  As with PLD and ALN, much work is 

required to determine the precise interplay of all these factors in A. haemolyticum disease 

pathogenesis. 
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Abstract 

Arcanobacterium haemolyticum is an emerging bacterial pathogen, causing 

pharyngitis and more invasive infections. This organism expresses an unusual 

phospholipase D (PLD), which we propose promotes bacterial pathogenesis through its 

action on host cell membranes. The pld gene is found on a genomic region of reduced 

%G+C, suggesting recent horizontal acquisition. Recombinant PLD rearranged HeLa cell 

lipid rafts in a dose-dependent manner and this was inhibited by cholesterol 

sequestration. PLD also promoted host cell adhesion, as a pld mutant had a 60.3% 

reduction in its ability to adhere to HeLa cells as compared to the wildtype. Conversely, 

the pld mutant appeared to invade HeLa cells approximately two-fold more efficiently as 

the wildtype. This finding was attributable to a significant loss of host cell viability 

following secretion of PLD from intracellular bacteria. As determined by viability assay, 

only 15.6% and 82.3% of HeLa cells remained viable following invasion by the wildtype 

or pld mutant, respectively, as compared to untreated HeLa cells. Transmission electron 

microscopy of HeLa cells inoculated with A. haemolyticum strains revealed that the pld 

mutant was contained within intracellular vacuoles, as compared to the wildtype in which 

the bacteria had escaped the vacuole and the HeLa cells displayed the hallmarks of 

necrosis. Similarly inoculated HeLa cells displayed no signs of apoptosis, as measured by 

induction of caspase 3/7, 8 or 9 activity. These data indicate that PLD enhances bacterial 

adhesion and promotes host cell necrosis following invasion, and therefore, may be 

important in the disease pathogenesis of A. haemolyticum infections. 
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Introduction 

Arcanobacterium haemolyticum is a gram positive, non-motile rod originally 

identified as a cause of pharyngitis and wound infections in U.S. servicemen and Pacific 

islanders (8, 24). A. haemolyticum is almost exclusively a human pathogen, making it 

somewhat unique within the genus (19). The other species are uncommonly isolated, with 

the exception of Arcanobacterium pyogenes, which is an economically important 

opportunistic pathogen of livestock (19). 

A. haemolyticum pharyngitis is a disease of adolescents and young adults, with >90% 

of cases occurring in patients between 10-30 years of age (5, 26, 46). Clinically, 

A. haemolyticum pharyngitis resembles that caused by Streptococcus pyogenes, although 

in 33-66% of cases, an erythematous rash occurs after onset (7, 26). More rarely, 

A. haemolyticum is responsible for invasive diseases such as meningitis (27), septic 

arthritis (13), and osteomyelitis (6). Invasive infections occur in older patients (>30 

years) who may be immunocompromised or have other co-morbid factors (36, 42). 

However, invasive infections also occur in younger, immunocompetent patients (15-30 

years), who often have a prior history of upper respiratory tract disease (pharyngitis, 

sinusitis) due to A. haemolyticum (36, 47). This suggests that invasion of the organism to 

distal sites may occur from the initial site of infection in the nasopharynx. 

Little is known about A. haemolyticum virulence factors and consequently, the 

mechanisms of pharyngeal infection and dissemination into deeper tissues remain to be 

elucidated. Initial virulence studies were performed by intradermal injection of bacteria 

into humans, guinea pigs and rabbits, resulting in elevated abscesses with necrosis and a 
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pronounced neutrophil infiltration 24-48 hours post infection (24). However, attempts to 

induce pharyngitis by inoculation of bacteria onto the human pharynx were unsuccessful 

(24). Intravenous inoculation of A. haemolyticum into rabbits resulted in hemorrhagic 

pneumonia (24), suggesting this organism can cause invasive disease once it enters the 

bloodstream. Subsequently, a phospholipase D (PLD) was identified and shown to cause 

the dermonecrosis observed (37). While the role of A. haemolyticum PLD in pathogenesis 

is currently unclear, PLD is expressed during infection, as determined by the presence of 

serum antibodies in pharyngitis patients (35, 45). 

PLDs are ubiquitous enzymes which cleave phospholipids, including 

phosphatidylcholine (PC) and sphingomyelin (SM), both of which are abundant in the 

mammalian plasma membrane (3). SM, with cholesterol and GPI-anchored proteins, 

predominantly partitions to lipid rafts, which are tightly packed, membrane 

micro-domains that act to compartmentalize cellular processes on the outer leaflet of the 

plasma membrane (33). Lipid rafts are also implicated in host cell invasion by 

microorganisms (51). Host PLD cleaves SM to ceramide-1-phosphate and choline, and 

accumulation of ceramide within rafts alters their biophysical properties, leading to the 

formation of large, ceramide-rich membrane platforms (52). These platforms allow 

reorganization and aggregation of protein receptors and receptor-associated signaling 

molecules, which in turn facilitates efficient signal transduction for normal physiological 

processes (52). In contrast, PC found in the liquid disordered, or non-raft, phase, is 

associated with both the inner and outer membrane leaflets, and is cleaved by PLD to 

phosphatidic acid and choline, which also have roles as second messengers (33). 
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PLD is the only A. haemolyticum virulence factor cloned and sequenced to date (9). 

Almost invariantly, PLDs possess two His-X-Lys-X4-Asp (HKD) motifs that are 

involved in catalysis (17). However, the PLD expressed by A. haemolyticum is not related 

to these more common HKD PLDs and has a limited substrate specificity which includes 

SM, but not PC (44), leading to the alternate nomenclature, sphingomyelinase D. 

A. haemolyticum PLD is most closely related to the PLD of Corynebacterium 

pseudotuberculosis (9). In C. pseudotuberculosis, PLD is absolutely required for 

virulence, as a pld mutant could not spread from the site of inoculation or persist in the 

lymph nodes (25). C. pseudotuberculosis PLD hydrolyzes SM in host cell membranes 

and lysophosphatidylcholine in plasma (44), which causes endothelial membrane leakage 

and cytolysis, leading to enhanced vascular permeability (25). C. pseudotuberculosis 

PLD also activates complement (39), promotes neutrophil chemotaxis (50) and is directly 

dermonecrotic when injected into the skin (39). The PLDs of recluse spider (Loxosceles 

spp.) venom are also structurally and functionally related to the A. haemolyticum and 

corynebacterial PLDs (28). Purified spider PLD induces intravascular hemolysis and 

cytokine upregulation (41), dermonecrosis (40), and complement-mediated lysis of 

erythrocytes (39). 

PLD expression is uncommon among other bacterial pathogens and these PLDs are 

exclusively of the HKD superfamily. However, most of the pathogens that do express 

PLD have obligate or facultative intracellular lifestyles and expression of this enzyme is 

thought to be involved in disease pathogenesis (10, 18, 29, 32, 48). Specifically in 
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Neisseria gonorrhoeae and Rickettsia spp., PLDs are required for invasion of host cells 

(10, 32). 

This work characterizes the effects of A. haemolyticum PLD on host cells, with an 

aim to elucidating the role of this toxic enzyme in disease pathogenesis. We report that 

PLD is required for optimal adhesion to host cells, via remodeling of lipid rafts. 

Furthermore, PLD expressed inside host cells is directly toxic, leading to cell death via 

necrosis. These findings provide the first conclusive evidence that PLD may be required 

for A. haemolyticum disease pathogenesis. 

 

Materials and Methods 

Bacterial strains and growth conditions. The type strain of A. haemolyticum 

(ATCC9345) was used for all experiments. The other A. haemolyticum strains were 

clinical isolates obtained from either throat or wound swabs and were grown on tryptic 

soy (TS) agar plates supplemented with 5% bovine blood at 37°C and 5% CO2 or in TS 

broth supplemented with 10% newborn calf serum (Atlas Biologicals) at 37°C with 

shaking. Escherichia coli DH5αMCR strains (Gibco-BRL) were grown on Luria-Bertani 

(LB) agar or in LB broth at 37°C. Antibiotics were added as appropriate: for 

A. haemolyticum, kanamycin (Kn) at 200μg/ml, chloramphenicol (Cm) at 5µg/ml; for E. 

coli, ampicillin at 100μg/ml, Cm at 30μg/ml, Kn at 50µg/ml. 

PLD production by A. haemolyticum isolates was identified by the presence of 

synergistic hemolysis following growth on TS agar plates with 5% bovine blood and 10% 

Equi Factor, as PLD is not hemolytic alone. Equi Factor was prepared from the 0.2µm 
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filtered supernatant of an overnight culture of Rhodococcus equi ATCC6939 (22). 

Samples of A. haemolyticum ATCC9345 broth culture were harvested at points 

throughout the growth cycle. Culture supernatants were obtained by centrifugation and 

0.2µm filtration, and stored at -80oC prior to assay for PLD activity. Wells were punched 

into TS agar containing 5% bovine blood and 10% Equi Factor and 20µl of culture 

supernatant was added. Zones of hemolysis were measured after 4 h incubation at 37oC. 

DNA techniques and sequence analysis. E. coli plasmid DNA extraction, DNA 

restriction, ligation, transformation, agarose gel electrophoresis and Southern transfer of 

DNA were performed as described (4). Genomic DNA isolation and 

electroporation-mediated transformation of A. haemolyticum strains was performed as 

previously described for A. pyogenes (20), except that a capacitance of 25µF and a 

resistance of 200Ω were used. PCR DNA amplification was performed using Taq or Vent 

DNA polymerase (NEB) with the supplied reaction buffer for 35 cycles consisting of 

1 min at 94°C, 1 min at 55°C, and 1 min/kb at 72°C. Preparation of DNA probes, DNA 

hybridization, and probe detection were performed using a DIG DNA Labeling and 

Detection Kit (Roche). 

Database searches were performed using the BlastX and BlastP algorithms (2). tRNA 

sequences were identified using the tRNAscan-SE program (23). Signal sequence 

prediction was performed using SignalP (30). Transcriptional terminators were identifier 

using mfold (53). 

Cloning and purification of a recombinant, 6xHis tagged-PLD (HIS-PLD). The 

pld gene, lacking the signal sequence coding region, was amplified from A. haemolyticum 
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ATCC9345 genomic DNA by PCR with a 5' primer containing a BamHI site 

(5'-CGGCTGCGGATCCACTTGCGCAAGAACAACC-3') and a 3' primer containing an 

EcoRI site (5'-ATAAGAATTCGTGTTATCTCATTCG-3'; underlined in sequence). 

These primers amplified a 886-bp product from bases 94-940 of the pld gene, which was 

cloned into pTrcHis B (Invitrogen) to generate pBJ31, encoding HIS-PLD. Cultures for 

purification of HIS-PLD were grown to an OD600=0.6 prior to induction with 2.5mM 

IPTG for 3 h and harvested by centrifugation. Cells were solubilized in 8M urea at 4°C 

overnight with gentle agitation. HIS-PLD was purified from the soluble material using 

TALON metal affinity resin (Clontech), and eluted from the resin with 150mM imidazole 

in 20mM Tris-HCl, 100mM NaCl, pH 8.0. Purified HIS-PLD was mixed 1:1 with 

SDS-sample buffer and boiled for 5 min prior to electrophoresis in a 10% (w/v) 

SDS-polyacrylamide gel (4). Proteins were transferred to nitrocellulose and Western 

blots were immunostained using rabbit anti-HIS-PLD (prepared by immunization of a 

rabbit with HIS-PLD; Antibodies Inc.) and goat anti-rabbit IgG(H+L)-peroxidase 

conjugate (KPL) as the primary and secondary antibodies, respectively (4). SDS-PAGE 

and Coomassie Blue staining of purified HIS-PLD yielded a band of approximately 

35.5-kDa and showed greater than >95% purity. Antiserum against PLD, but not 

pre-immune antiserum, reacted specifically with HIS-PLD (data not shown). Purified 

HIS-PLD retained hemolytic activity as demonstrated by PLD activity assay (data not 

shown). Total protein concentration was determined with Bradford protein assay reagent 

(Bio-Rad). Endotoxin contamination of HIS-PLD preparations was determined using the 
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Limulus Amebocyte Lysate Pyrogent Kit (Cambrex), and endotoxin levels were 

negligible (<0.06EU/ml; data not shown). 

Construction of a pld knockout mutant and a complementing plasmid. The pld 

gene was amplified from A. haemolyticum ATCC9345 by PCR using forward and reverse 

primers (5'-GTGTAAGCTTCAACATAGAGACATGG-3') and 

(5'-ATAAGAATTCGTGTTATCTCATTCG-3'). The PCR product was digested with 

HindIII-EcoRI using restriction sites engineered into the primers (underlined in sequence) 

and cloned into similarly digested pBC KS (Stratagene), to construct pBJ29. The pld 

gene in pBJ29 was interrupted by insertion with a 1.4-kb BamHI fragment carrying the 

Kn resistance gene from pKRP11 (31), which allows for the construction of non-polar 

mutations. This plasmid was used to transform A. haemolyticum ATCC9345, selecting 

for KnRCmS colonies. Southern blotting of A. haemolyticum wildtype and pld- mutant 

genomic DNA confirmed inactivation of the pld gene via a double cross-over event (data 

not shown). A pld complementing plasmid, pBJ61, was constructed by cloning the insert 

of pBJ29 into pJGS180 (21), which replicates in A. haemolyticum (data not shown). 

Tissue culture cell adhesion and invasion assays. HeLa cells were cultured in 

Iscove's Modified Dulbecco's Medium with 10% fetal calf serum (IMDM-10% FCS) with 

10μg/ml gentamycin at 37°C and at 5% CO2. For adhesion assays, cells in IMDM-10% 

FCS, without gentamycin, were seeded into 24-well plates at 2 × 105 cells/well in 1ml 

volumes. The cells were incubated overnight prior to the addition of log-phase 

A. haemolyticum at a multiplicity of infection (MOI) of 10:1. Bacterial adhesion was 

assessed after 2 h at 37°C. Cell monolayers were washed three times with 0.1M 
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phosphate-buffered saline, pH 7.2 (PBS) to remove non-adherent bacteria. Cell 

monolayers were lysed using 1ml ice-cold 0.1% Triton X-100 for 10 min, and viable 

bacteria were enumerated by dilution plating. To assess the inhibitory affect of the 

cholesterol sequestering agent methyl-beta-cyclodextrin (MβCD; Sigma) on adhesion, 

5mM MβCD was added to HeLa cells for 40 min prior to addition of bacteria, as 

described above, and maintained at 5mM in the medium for the duration of the 

experiment. To assess the effect of exogenous PLD, 312ng HIS-PLD was added to HeLa 

cells for 10 min prior to the addition of bacteria, as described above. 

For invasion assays, bacteria were added at an MOI of 20:1, were allowed to adhere 

and invade for 2 h, at which time the cell monolayers were washed three times with 

Hank’s Balanced Salt Solution, and IMDM-10% FCS containing 10µg/ml gentamycin 

was added to the wells. The plates were incubated for an additional 2 h to allow invasion 

and killing of extracellular bacteria. The monolayers were washed and internalized 

bacteria were recovered and enumerated as above. 

Epithelial cell cytotoxicity. The cytotoxicity of HIS-PLD for epithelial cells was 

determined using the CellTiter 96® Aqueous One Solution Cell Proliferation Assay 

(Promega). HeLa cells were seeded into 96-well plates at 2 x 104 cells/well and the cells 

were incubated for 18 h to achieve 80% confluence. Triplicate wells were incubated with 

doubling dilutions of HIS-PLD (0-2µg) and incubated for 2-24 h, as above. Dilutions of 

imidazole-containing HIS-protein elution buffer were used as a control. Additional 

monolayers were inoculated with log-phase A. haemolyticum strains at an MOI of 20:1, 

and incubated for 2 h, as above. The monolayers were washed three times with PBS and 
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IMDM-10% FCS containing 10μg/ml gentamycin was added and the cells were 

incubated for a further 5 h. 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-

(4-sulfophenyl)-2H-tetrazolium/phenazine methosulfate (MTS/PMS) reagent was added 

and the HeLa cells were incubated for an additional 3 h. The color change was measured 

at 492nm using a Synergy HT plate reader (Bio-Tek). Determination of % cell viability 

was performed using the appropriate control values, as described by the manufacturer. 

Lipid raft labeling. HeLa cells were seeded into 8-well chamber slides (Lab-Tek) at 

1 x 104 cells/well and were incubated overnight to achieve 70% confluence. The cells 

were washed with PBS prior to incubation with dilutions of HIS-PLD (0-50ng) for 

10 min at 37oC and 5% CO2. Dilutions of imidazole-containing elution buffer were used 

as a control. Lipid rafts were labeled using the Vybrant® Lipid Raft Labeling Kit 

(Molecular Probes). The slides were mounted in 2% 1,4-diazabicyclo [2.2.2] octane 

(DABCO; Sigma) in 50% glycerol and visualized with a Nikon epifluorescence 

microscope fitted with a rhodamine filter. 

To assess the inhibitory effect of specific antibody, 1/1000 dilutions of anti--PLD or 

pre--immune serum were incubated with 50ng HIS--PLD for 1 h at 37oC prior to addition 

of the mixture to the HeLa cell monolayer. To assess the effect of cholesterol 

sequestration, 5mM MβCD was added to HeLa cells for 40 min at 37oC and 5% CO2 

prior to stimulation of the cells with 50ng HIS-PLD. PLD enzymatic activity was not 

inhibited by the presence of 5mM MβCD (data not shown). 

Transmission electron microscopy (TEM). HeLa cell monolayers were inoculated 

and incubated as for the invasion assay described above. The cells were harvested by 
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scraping and were fixed with 4% formaldehyde-1% glutaraldehyde in PBS, embedded in 

Epon-Araldite, postfixed with 1% osmium tetroxide and stained with 5% uranyl acetate. 

Thin sections (50nm) were examined using a Philips CM-12 electron microscope at an 

accelerating voltage of 60kV. 

Apoptosis assays. HeLa cells were seeded into 96-well plates at 2 x 104 cells/well 

and the cells were incubated overnight to achieve 80% confluence. Triplicate wells were 

inoculated with A. haemolyticum strains, as described above for the epithelial cell 

cytotoxicity assay. Apoptosis was measured using the Caspase-Glo 3/7, 8 or 9 Assay 

Systems (Promega). HeLa cells were incubated with 1µM staurosporine (Sigma) to 

induce apoptosis, as a positive control. 

Statistical analysis. Statistical significance was determined at the p<0.05 level with 

single factor ANOVA, calculated using Microsoft Excel. 

Nucleotide sequence accession number. The pld gene region sequence data were 

submitted to the GenBank/EMBL/DDBJ databases under accession number FJ766092. 

 

Results 

Analysis of the pld gene region. A draft genome sequence of A. haemolyticum 

ATCC9345 was determined (B.H. Jost and S.J. Billington, unpublished data), and this 

data was used to identify sequences flanking the pld gene (GenBank Accession Number 

L16583). The pld gene was found in a region resembling a 1.9-kb genomic island of 

lower %G+C than the rest of the A. haemolyticum genome (53.1%). This region consists 

of pld (47.2% G+C), and orf489 (50.3% G+C) which lacks a signal sequence and is of 
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unknown function (Fig. 1). 43-bp downstream of pld and 17-bp upstream of orf489 is a 

stem-loop structure with a ΔG=-20.8kcal/mol, which may act as a transcriptional 

terminator or attenuator. There does not appear to be any direct or indirect repeats 

flanking this region. The pld region is flanked upstream by three tRNA genes and gluRS, 

encoding a glutamyl-tRNA synthetase (EC 6.1.1.17), and downstream by dcp, encoding a 

peptidyl-dipeptidase (EC 3.4.15.5), which is divergently transcribed compared to pld 

(Fig. 1). The %G+C of the surrounding housekeeping genes (Fig. 1) more closely 

resembles the %G+C of the A. haemolyticum genome. 

Given the variation in %G+C of the pld gene and the presence of adjacent tRNA 

genes, which often act as sites of foreign gene insertion (49), it is possible that the 

A. haemolyticum pld gene was acquired by horizontal gene transfer. It would appear that 

orf489 is also part of the transferred DNA, and while it is not translationally coupled to 

pld, its transcription may be linked to that of pld despite the presence of a transcriptional 

terminator/attenuator between the two genes. While its function cannot be ascertained 

from database comparisons, it is not required for PLD activity, as this enzyme is 

functional when expressed from a recombinant plasmid lacking orf489, such as the one 

used as a complementing plasmid (see below). 

PLD is expressed by all isolates of A. haemolyticum. The prevalence of the pld gene 

was determined by DNA hybridization using a pld-specific gene probe. The pld probe 

hybridized at high stringency to each of 52 A. haemolyticum isolates, but not to 

A. pyogenes BBR1 (data not shown), indicating that pld is present in all strains. 

Furthermore, all 52 isolates express PLD as determined by a PLD activity assay (data not 
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shown). Expression of PLD throughout the growth curve was also determined. PLD 

expression commenced as the bacteria entered log-phase and maximal expression was 

observed throughout logarithmic growth (data not shown). 

PLD stimulates lipid raft remodeling. As PLD acts on SM which is abundant in 

host cell lipid rafts, we hypothesized that PLD may perturb these structures, which in 

turn, could initiate the A. haemolyticum disease process. HeLa cells were treated with 

purified HIS-PLD and the ability of this toxin to cause lipid raft rearrangement was 

assessed. Cells displaying punctate staining were considered positive for lipid raft 

rearrangement (Fig. 2B), whereas cells displaying a diffuse staining pattern were 

considered negative (Fig. 2A). 9.4% of untreated, control HeLa cells displayed punctate 

staining (Fig. 2C). Similarly, HeLa cells treated with HIS-protein purification buffer 

displayed similar levels of punctate staining as the control (data not shown). Upon 

addition of increasing amounts of HIS-PLD (0-50ng), the number of cells with punctate 

staining significantly increased in a dose-dependent manner from 9.4% to 31.7% 

(Fig. 2C). 

The ability of anti-PLD antibodies to block PLD-mediated lipid raft rearrangement 

was investigated. In the absence of PLD, addition of pre-immune or anti-PLD serum did 

not significantly affect the number of punctate-staining cells compared to untreated HeLa 

cells (9.9%; negative control; Fig. 2D). In the presence of PLD, 26.0% of HeLa cells 

displayed punctate staining (positive control; p<0.05 compared to the negative control; 

Fig. 2D). In the presence of PLD, addition of pre-immune serum did not significantly 

affect the number of punctate-staining cells as compared to the positive control (p=0.25; 
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Fig.2D). In contrast, in the presence of PLD, the addition of anti-PLD antibodies 

significantly reduced the number of punctate-staining cells (p<0.05 compared to the 

positive control; Fig. 2D). Numbers of punctate-staining cells under these conditions 

were not significantly different to untreated HeLa cells (p=0.15; Fig. 2D), indicating that 

the lipid raft rearrangement seen is specific to the action of PLD. 

Cholesterol sequestration by MβCD blocks lipid raft rearrangement by partially 

solubilizing GPI-anchored and transmembrane proteins (16) and preventing small lipid 

rafts from aggregating into larger, functional membrane platforms (52). In the absence of 

PLD, only 9.9% of HeLa cells displayed punctate staining (negative control; Fig. 2D). 

Treatment of HeLa cells with 5mM MβCD significantly reduced the amount of 

punctate-staining cells to 7.4% (p<0.05 compared with the negative control; Fig. 2D), 

indicating that spontaneous lipid raft rearrangement was being inhibited. In the presence 

of PLD, 26.0% of HeLa cells displayed punctate staining (positive control; p<0.05 

compared to negative control; Fig. 2D). Treatment of HeLa cells with MβCD 

significantly reduced the level of punctate staining to 10.5% (p<0.05 compared with the 

positive control; Fig. 2D). This value is similar to the amount of lipid raft rearrangement 

seen in negative control HeLa cells (9.9%; p=0.54; Fig. 2D). These data indicate that 

PLD-mediated lipid raft rearrangement can be inhibited by cholesterol sequestration. 

A. haemolyticum PLD is required for efficient bacterial adhesion to the host cell. 

The ability of PLD to enhance lipid raft rearrangement may affect the interaction between 

the bacterium and the host cell. To test this hypothesis, wildtype and pld mutant 

A. haemolyticum were assayed for their ability to adhere to HeLa cells. A pld mutant was 
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constructed by allelic exchange and this mutant lost its hemolytic phenotype on TS agar 

containing 5% bovine blood and 10% Equi Factor. Hemolysis was restored to wildtype 

levels upon complementation with pBJ61, carrying the pld gene (data not shown). The 

hemolytic phenotype was not affected by the introduction of the shuttle vector alone (data 

not shown). 

The ability of wildtype or the pld mutants to adhere to HeLa cells was determined. 

Wildtype A. haemolyticum adhered to HeLa cells at an average of 13.4% of the inoculum. 

This value was set at 100% and the adhesion of the other strains was determined as a 

percentage of wildtype adhesion. The pld mutant was significantly impaired in adhesion, 

adhering at only 39.7% of the wildtype (p<0.05; Fig. 3A). Complementation of the pld 

mutant with pld in trans restored adhesion to 106.9% of wildtype (Fig. 3A). 

We hypothesized that A. haemolyticum PLD promoted bacterial adhesion to host cells 

via receptor clustering as a result of SM cleavage, leading to lipid raft signaling. 

Treatment of cells with 5mM MβCD resulted in a 44.4% reduction in the adherence of 

wildtype A. haemolyticum to HeLa cells, as compared to untreated controls (p<0.05; 

Fig. 3A), indicating that the loss of lipid raft rearrangement directly affected the ability of 

A. haemolyticum to adhere to HeLa cells. 

A. haemolyticum lacking PLD appear to invade HeLa cells more efficiently. The 

ability of wildtype and pld mutants to invade host cells was also determined. Wildtype 

A. haemolyticum invaded HeLa cells at an average of 0.24% of the adherent bacteria. 

This value was set at 100% and the invasion of the other strains was determined as a 

percentage of wildtype invasion. The pld mutant was not impaired in invasion, and could 
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invade significantly better at 207.1% of wildtype A. haemolyticum (p<0.05; Fig. 3B). 

Complementation of the pld mutant did not restore wildtype invasion levels (Fig. 3B). In 

fact, the complemented mutant was significantly more impaired in invasion, at only 

33.0% of wildtype (p<0.05; Fig. 3B), which probably results from a gene dosage effect of 

pld expressed from a multi-copy plasmid. 

We also examined the effect of exogenously-added PLD on bacterial adhesion and 

invasion. Exogenously-added PLD significantly enhanced the adhesion of the pld mutant 

and returned it to wildtype levels (p<0.05 compared to the pld mutant without exogenous 

PLD; Fig. 3A). Addition of exogenous PLD did not enhance adhesion of the wildtype 

(Fig. 3A), suggesting that under these conditions, the effect of PLD on wildtype adhesion 

is at saturation. As the exogenously-added PLD is soluble and not bacterially-associated, 

this confirms that PLD cannot directly act as an adhesin. Bacterial invasion by either the 

wildtype of pld mutant was not altered in the presence of exogenous PLD, suggesting that 

PLD does not play a direct role in invasion once the bacteria are adherent (Fig. 3B). 

HeLa cell viability is reduced following invasion by PLD-expressing 

A. haemolyticum. The viability of HeLa cells following invasion by A. haemolyticum 

strains was measured to determine whether PLD expressed intracellularly was cytotoxic. 

The viability of A. haemolyticum-inoculated HeLa cells was determined as a percentage 

of uninoculated HeLa cells, which was set at 100%. Following invasion of host cells with 

wildtype A. haemolyticum, only 15.6% of the HeLa cells remained viable after 5 h, 

compared with uninoculated HeLa cells (p<0.05; Fig. 4). The pld mutant displayed 

significantly reduced cytotoxicity with only 82.3% of HeLa cells viable, as compared to 



 

95 

 

the uninoculated control (p<0.05; Fig. 4). Invasion of HeLa cells with the complemented 

pld mutant resulted in 15.4% of HeLa cell viability, which was not different to that of the 

wildtype (Fig. 4). This data indicated that invasion of HeLa cells by A. haemolyticum 

results in loss of host cell viability, with the majority of that being attributable to 

expression of PLD. Interestingly, when purified HIS-PLD was applied to the exterior of 

HeLa monolayers for 2-24 h, no HeLa cytotoxicity was detected over this time period, 

even at the highest concentrations of PLD (data not shown). 

A. haemolyticum PLD expressed inside HeLa cells results in host cell necrosis. 

The mechanisms of host cell death following invasion of wildtype A. haemolyticum were 

investigated. Apoptosis was determined by measurement of caspases 3/7, 8 and 9 

activity, following inoculation of HeLa cells with A. haemolyticum strains. The levels of 

caspase 3/7, 8 or 9 activation of untreated HeLa cells were set at a nominal value of 

1.0-fold caspase activity (Fig. 5), and the values of caspase activation in HeLa cells 

inoculated with A. haemolyticum strains were compared to this. 1µM staurosporine, used 

as a positive control, was able to induce apoptosis, as measured by 2.76-fold, 1.27-fold 

and 1.56-fold increases in caspase 3/7, 8 and 9 activities, respectively (p<0.05; Fig. 5). 

HeLa cells inoculated with wildtype A. haemolyticum displayed no increase in apoptosis, 

as measured by caspase 3/7 or 9 activity (1.12-fold and 0.95-fold increases, respectively; 

Fig. 5). However, HeLa cells inoculated with wildtype A. haemolyticum had significantly 

reduced caspase 8 activity when compared to untreated cells (0.54-fold activity; p<0.05; 

Fig. 5). HeLa cells inoculated with the pld mutant also displayed similar levels of caspase 

3/7, 8 and 9 expression as the uninoculated HeLa cells (0.85-fold, 1.06-fold and 
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0.77-fold, respectively; Fig. 5). The caspase 3/7 assay was repeated at 1 or 24 h 

post-invasion, however, no significant differences were observed in activity of these 

caspases at these time points (data not shown). Therefore, it appears that invasion of 

HeLa cells with A. haemolyticum strains was unable to induce apoptosis under these 

conditions (Fig. 5). 

As bacterial invasion did not induce apoptosis, it suggested that loss of HeLa cell 

viability may be due to necrosis. HeLa cells were inoculated with A. haemolyticum 

strains and examined by TEM. Uninoculated, control HeLa cells displayed normal 

architecture (Fig. 6A). HeLa cells inoculated with the pld mutant displayed typical 

cellular architecture; however, bacteria could be observed in membrane-bound vacuoles 

within some cells (Fig. 6B). In contrast, wildtype inoculated cells appeared necrotic, as 

there was no membrane integrity, the cytoplasm appeared to be absent, the nucleus was 

condensed and the mitochondria were swollen (Fig. 6C, D), all of which are hallmarks of 

cellular necrosis. Bacteria could be observed both in proximity to, and inside, the HeLa 

cells, and intracellular bacteria were no longer contained within vacuoles (Fig. 6C). 

 

Discussion 

Host sphingomyelinases D release ceramides which are important mediators of a 

number of normal cellular signaling pathways such as cell growth, proliferation 

(including oncogenesis), apoptosis and inflammation via altered cytokine signaling (11). 

While a number of bacteria express PLDs, there are only a few species expressing 

sphingomyelinases D, which specifically cleave SM in host cell membranes. Given the 
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central role of PLDs in normal host cell physiology, it is easy to see how the dysregulated 

release of ceramides and sphingolipids from SM by bacterial PLDs could potentially lead 

to pleomorphic effects on the host cell, and how these effects could benefit the infection 

process. 

We report the first molecular characterization of the PLD (sphingomyelinase D) from 

A. haemolyticum and show that the action of this enzyme has implications in the 

pathogenesis of disease caused by this organism. In a manner analogous to host PLDs 

(14), A. haemolyticum PLD was able to stimulate reorganization of lipid rafts in epithelial 

cell plasma membranes in a dose-dependent manner (Fig. 2C). This PLD-mediated lipid 

raft reorganization could be inhibited by anti-PLD antibodies, as well as by cholesterol 

sequestration (Fig. 2D). 

Recently, bacterially-induced lipid raft reorganization has been implicated in 

promoting efficient bacterial invasion rather than adhesion (1, 12, 34, 43). However, we 

observed that lipid raft rearrangement, mediated by PLD, directly promoted attachment to 

host cells, as an A. haemolyticum pld mutant had a 60.3% reduced adhesion as compared 

to the wildtype (Fig. 3A). It is unlikely that PLD, a secreted enzyme, acts directly as an 

adhesin. Furthermore, the hypothesis that PLD exposes a cryptic receptor, as seen with 

arcanobacterial neuraminidases (21), was also discarded as cholesterol sequestration by 

MβCD, which inhibits lipid raft rearrangement, also significantly reduces adhesion of 

A. haemolyticum to host cells (Fig. 3A). A more likely explanation is that PLD-mediated 

lipid raft reorganization leads to protein clustering and increased local receptor 

concentrations (52), which in turn leads to enhanced bacterial adhesion. The nature of the 



 

98 

 

host receptor and the adhesin on the bacterial cell is unknown, but the A. haemolyticum 

genome encodes at least one extracellular matrix binding (MSCRAMM) protein (B.H. 

Jost and S.J. Billington, unpublished data), which are known cell adhesins (38). 

Expression of PLD by A. haemolyticum appears to negatively affect the ability of this 

organism to invade host cells, as the pld mutant has a more than 2-fold increased ability 

to invade HeLa cells as compared to the wildtype (Fig. 3B). We hypothesized that rather 

than directly affecting invasion, invasion of host cells with A. haemolyticum strains 

expressing PLD had detrimental effects, such as loss of host cell viability. Cell death 

would expose bacteria to the extracellular gentamycin, leading to an observed increase in 

invasion with the pld mutant. 

This appeared to be the case, as PLD expressed from wildtype A. haemolyticum 

inside host cells resulted in 84.4% loss of cell viability as compared to untreated cells 

(Fig. 4). This is in contrast to host cells invaded by the pld mutant, which had only a 

17.7% loss of viability (Fig. 4). Interestingly, when PLD is applied to the exterior of the 

host cell, it did not cause cytotoxicity, as measured by cell viability. This is not surprising 

in that PLD alone is unable to cause sufficient membrane perturbations to lyse 

non-nucleated cells such as erythrocytes (22). 

Apoptosis was not detected following A. haemolyticum invasion of HeLa cells 

(Fig. 5). Of all the organelles, the outer leaflet of the mitochondrial membrane is 

particularly rich in SM (3), and we hypothesized that PLD may target this structure, 

possibly leading to caspase 9 activation as part of the mitochondrial apoptosis pathway. 

However, caspase 9 activation was not detected following A. haemolyticum invasion of 
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HeLa cells, nor was the activation of caspase 3/7 or 8, which are measures of general 

apoptosis or the extrinsic apoptosis pathway, respectively. We note that the findings from 

these apoptosis studies must be tempered with caution in that they were performed in a 

cell line, and may not accurately reflect what is occurring in host tissue. 

The TEM study confirms the intracellular invasion of HeLa cells by A. haemolyticum 

and indicates that the pld mutant is unable to escape the invasion vacuole, at least by the 

measured time point (Fig. 6B). In contrast, the wildtype is able to escape the vacuole 

(Fig. 6C) and can cause host cell death (Fig. 4), apparently by necrosis (Fig. 6C, D). 

Direct measurement of necrosis has been difficult, and has traditionally used changes to 

cellular architecture rather than specific bio-markers. However, better data is emerging 

about of the types of cell processes that initiate necrosis within the host cell, and recently 

it was determined that PLD-mediated release of ceramides can play a central role in 

initiating cellular necrosis (15). 

Necrosis as a cause of host cell death may not be surprising given that a hallmark of 

A. haemolyticum pharyngitis is localized inflammation (24). Necrosis-induced 

inflammation may enhance the immune response or cause localized tissue damage which 

promotes bacterial dissemination. The balance of these possibilities may be tipped 

towards bacterial invasion in the case of individuals who are also immunocompromised, 

elderly or have other co-morbid factors, leading to the more invasive sequelae observed 

with A. haemolyticum infections in this patient population (6, 13, 27, 36, 42, 47). 

From these studies we conclude that PLD expressed by A. haemolyticum is 

responsible for efficient host cell adhesion by reorganizing lipid rafts, which presumably 
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clusters adhesin receptors. However, the identity of the host and bacterial receptors are 

currently unknown. PLD is also required following invasion into host cells. The pld 

mutant appears to be defective in that it cannot or is significantly delayed in its ability to 

escape the invasion vacuole, which only has reduced consequences for host cell viability. 

In contrast, the PLD-expressing wildtype A. haemolyticum presumably escapes the 

vacuole, and PLD expressed inside the host cell causes cellular necrosis. The 

mechanism(s) by which A. haemolyticum PLD acts to cause necrosis are unknown. Host 

PLDs have a plethora of activities inside the cells (11), and unregulated expression of 

bacterial PLD could lead to pleomorphic effects, any number of which could lead to the 

cellular signals for necrosis. Alternatively, PLD could trigger a specific necrotic response 

in the cell or PLD could actively block apoptosis, leading to a "forced" necrosis pathway 

(15). Which of these hypotheses is correct remains to be elucidated with further study. 
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Fig. 1: Map of the pld gene region. The open arrows indicate genes and the direction of 
transcription. Triangles below the sequence indicate the location of stem-loop structures, 
with the ΔG (kcal/mol) shown inside the triangle. Gene names are given above or below 
the arrows and the number below the name indicates the %G+C of the gene. A bar 
indicating 1-kb is shown on the right. 
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Fig. 2: PLD stimulates the formation of lipid rafts in a dose-dependent manner. HeLa 

cells were treated (A) without or (B) with 50ng PLD for 10 min at 37oC 
followed by staining with the Vybrant Lipid Raft Labeling Kit. The arrows 
indicate cells with bright, punctate staining, while the arrow heads indicate 
diffusely staining cells. Bar 50µm. (C) HIS-PLD was added to HeLa cells for 
10 min at 37oC prior to measurement of lipid raft formation. At least 100 cells 
were counted and the percentage of cells displaying punctate staining were 
enumerated. (D) Anti-PLD antibodies or the cholesterol sequestering agent 
MβCD inhibit PLD-mediated lipid raft formation. HeLa cells were untreated, or 
treated with 1/1000 dilutions of pre-immune or anti-PLD serum or 5mM MβCD 
prior to addition of 50ng HIS-PLD and measurement of lipid raft formation. 
Untreated HeLa cells or those treated with pre-immune, anti-PLD serum or 
MβCD, but not HIS-PLD served as the negative controls. Error bars indicate one 
standard deviation from the mean calculated from the averages of at least three 
independent experiments conducted in triplicate. Statistical significance was 
calculated using single factor ANOVA and significance at p<0.05 is indicated by 
lowercase letters above the bars. 
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Fig. 3: PLD expression differentially affects adhesion (A) and invasion (B) of 

A. haemolyticum into HeLa cells. (A) A. haemolyticum strains were added to cell 
monolayers, with or without 5mM MβCD or 312ng HIS-PLD, and allowed to 
adhere for 2 h at 37°C prior to washing and recovery of cell-associated bacteria. 
(B) Following adhesion, cell monolayers were washed and incubated for an 
additional 2 h in the presence of 10µg/ml gentamycin to kill external bacteria. 
Adhesion or invasion are shown as a percentage of wildtype, which was set to 
100%. Error bars indicate one standard deviation from the mean calculated from 
the averages of at least three independent experiments conducted in triplicate. 
Statistical significance was calculated using single factor ANOVA and 
significance at p<0.05 is indicated by lowercase letters above the bars. 
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Fig. 4: PLD expressed inside HeLa cells is cytotoxic. HeLa cells were inoculated with 

A. haemolyticum strains and the bacteria were allowed to adhere for 2 h and 
invade for 5 h prior to determination of host cell viability. Viability is shown as a 
percentage of that of diluent-treated cells, which was set to 100%. Error bars 
indicate one standard deviation from the mean calculated from the averages of at 
least three independent experiments conducted in triplicate. 
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Fig. 5: Intracellular PLD does not initiate apoptosis in HeLa cells. HeLa cells were 

inoculated with A. haemolyticum strains and the bacteria were allowed to adhere 
for 2 h and invade for 5 h prior to measurement of caspase 3/7, 8 or 9 activity. 
Activity is shown as a fold-change of untreated cells, which was set at a nominal 
value of 1.0. Error bars indicate one standard deviation from the mean calculated 
from the averages of at least three independent experiments conducted in 
triplicate. 
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Fig. 6: PLD apparently induces host cell damage by necrosis. Representative 

transmission electron micrographs of HeLa cells, (A) uninoculated, or inoculated 
with (B) A. haemolyticum pld mutant or (C, D) A. haemolyticum wildtype using 
a standard invasion assay. Arrows indicate bacteria, N and M indicate the 
nucleus and mitochondria, respectively. The bars on the lower right indicates 
~1µm. 
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SUMMARY 

Arcanobacterium haemolyticum is an important pathogen of man causing pharyngitis, 

wound infections and a variety of invasive diseases. A. haemolyticum was previously 

shown to possess hemolytic properties, but the cause of that phenotype was unknown. 

We describe a novel cholesterol-dependent cytolysin (CDC) secreted by 

A. haemolyticum, designed arcanolysin (aln), which is present in all strains tested by 

DNA dot hybridization (n=53). ALN has a lower mol %G+C (46.5%) than the rest of the 

genome, suggesting acquisition by horizontal transfer. The protein is approximately 

64kDa in size which includes the 44 amino acid signal sequence that is cleaved upon 

secretion of the protein. ALN was cloned and expressed in Escherichia coli as a 

functional toxin. CDCs are secreted as soluble monomers that recognize components of 

the plasma membrane (usually cholesterol) then oligomerize to form a large pore in the 

host cell. ALN is somewhat unique in that it has a variant undecapeptide in domain 4 of 

the protein. ALN was 10-fold more active on erythrocytes and cultured cells from human 

compared with non-human origins. ALN was less inhibited by free cholesterol than 

perfringolysin O, and the variant undecapeptide may account for this reduction in 

cholesterol binding. The unusual ALN host cell preference occurs at the initial step of 

interaction of the toxin with the host cell membrane, as ALN could bind to membranes of 

human and rabbit erythrocytes, but was unable to bind to bovine or ovine membranes. 
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INTRODUCTION 

Arcanobacterium haemolyticum, a Gram positive, pleomorphic rod, causes 

pharyngitis in addition to endocarditis, meningitis, septic arthritis, pneumonia and 

osteomyelitis (Linder, 1997). The organism was classified as the first member of the 

genus Arcanobacterium (Collins et al., 1982). The other members of the genus are 

uncommonly isolated and remain largely uncharacterized, with the exception of 

Arcanobacterium pyogenes, which is a commensal and an important opportunistic 

livestock pathogen (Jost & Billington, 2005). 

Little is known about A. haemolyticum virulence, with the exception of a 

phospholipase D (PLD) (Cuevas & Songer, 1993), which causes dermonecrosis (Soucek 

& Souckova, 1974). We described the ability of PLD to reorganize host membrane lipid 

rafts, leading to enhanced bacteria adhesion (Lucas et al., 2009). Furthermore, 

A. haemolyticum was able to invade HeLa cells and once intracellular, PLD was able to 

kill host cells via direct necrosis (Lucas et al., 2009). These effects could potentially lead 

to bacterially dissemination to deeper tissue. 

Despite its name, A. haemolyticum is only weakly haemolytic on common laboratory 

blood, and displays more pronounced hemolysis on human and rabbit blood (Funke et al., 

1997). PLD is not directly hemolytic, but causes synergistic hemolysis with bacteria that 

express cholesterol oxidase (Linder & Bernheimer, 1982). An actual hemolysin was 

reported, but never characterized (Gaston & Zurowski, 1996). A. pyogenes is closely 

related to A. haemolyticum and expresses pyolysin (PLO), a member of the 

cholesterol-dependent cytolysins (CDCs) as its primary virulence factor (Billington et al., 
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1997). We hypothesized that the hemolytic activity expressed by A. haemolyticum was 

due to the presence of an uncharacterized CDC. 

The CDCs comprise a widespread family of bacterial toxins produced by Gram 

positive bacteria (Alouf et al., 2006). This group includes perfringolysin O (PFO), 

streptolysin O (SLO) and listeriolysin O (LLO), and their pore-forming ability give 

CDCs their characteristic hemolytic and cytotoxic properties. CDCs have a four domain 

structure (Alouf et al., 2006), containing a conserved C-terminal undecapeptide sequence 

in domain 4 allows binding of soluble monomers to host membrane targets, prior to 

oligomerize into a large homomeric structure known as the pre-pore complex (Heuck et 

al., 2003). Cholesterol is implicated as the major host membrane receptor (Alouf et al., 

2006), which allows CDCs to have broad host specificity. However intermedilysin (ILY) 

expressed by Streptococcus intermedius, has a human cell specificity and uses CD59 as 

its primary receptor (Giddings et al., 2004). Only two CDCs, ILY and PLO, have variant 

undecapeptide sequences which affects their interaction with cholesterol (Billington et 

al., 1997; Nagamune et al., 1996). 

CDCs have been implicated in the pathogenesis of a number of Gram positive 

bacteria. LLO allows Listeria monocytogenes to escape from the vacuole into the 

cytoplasm where the organism can rapidly multiply (Vazquez-Boland et al., 2001). 

Cytosolic down-regulation of LLO activity is due to an N-terminal PEST-like sequence, 

which usually targets eukaryotic proteins for cytosolic degradation. The PEST sequence 

results in a substantially reduced half-life of LLO in the cytoplasm of the host cell 

(Decatur & Portnoy, 2000). Streptococcus pyogenes uses the SLO pore to introduce a 
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bacterial effector into host cells via a novel mechanism termed cytolysin mediated 

translocation (CMT) (Madden et al., 2001). CMT is mediated by an N-terminal region of 

SLO known as the translocon sequence, which is not required for SLO pore formation 

(Meehl & Caparon, 2004). Interestingly, this domain cannot act autonomously, as fusing 

this sequence onto PFO did not allow PFO to participate in CMT (Meehl & Caparon, 

2004). 

This paper reports the identification and characterization of a CDC from 

A. haemolyticum, designated arcanolysin (ALN). We show that ALN has several unique 

structural features and an unusual host cell specificity. 

 

METHODS 

Bacteria and growth conditions. ATCC9345 is the A haemolyticum type strain. The 

other A. haemolyticum strains used in this study were archival isolates obtained from 

human clinical cases. A. haemolyticum and Escherichia coli strains were grown as 

previously described (Lucas et al., 2009). 

DNA techniques. E. coli plasmid DNA extraction, transformation, DNA restriction, 

ligation and agarose gel electrophoresis used standard methods (Ausubel et al., 1994). 

DNA hybridization was performed using the DIG DNA Labeling and Detection Kit 

(Roche). PCR DNA amplification was performed using Vent DNA polymerase (NEB) 

for 35 cycles of 1 min at 94oC, 1 min at 50oC and 1 min/kb at 72oC, with a final extension 

step of 72oC for 7 min. 

Nucleotide sequence determination and analysis. Genomic DNA from the 
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A. haemolyticum type strain ATCC9345 was sequenced to >20X coverage (454 Life 

Sciences). A translated ORF with amino acid similarity to CDCs was identified within 

this sequence. Oligonucleotide primers flanking this ORF were used to amplify the 

region by PCR. The nucleotide sequence was confirmed by automated DNA sequencing 

of both strands. aln sequence data were submitted to the GenBank/EMBL/DDBJ 

databases under accession number FJ785427. 

Database searches were performed using the BlastX and BlastP algorithms (Altschul 

et al., 1997). tRNA sequences were identified using the tRNAscan-SE program (Lowe & 

Eddy, 1997). Signal sequence prediction was performed using SignalP (Nielsen et al., 

1997). Transcriptional terminators were identifier using mfold (Zucker, 2003). Multiple 

sequence alignments were performed using CLUSTAL W (Thompson et al., 1994). 

PEST sequence prediction used the pestfind algorithm 

(http://emboss.bioinformatics.nl/cgi-bin/emboss/pestfind). 

Cloning and purification of a recombinant, 6xHis tagged-ALN (HIS-ALN)). The 

aln gene, without the signal sequence, was amplified from A. haemolyticum ATCC9345 

genomic DNA by PCR with HIS-ALNF 

(5'-CCCGGCGTTGCGGATCCAGTTGACGC-3') and ALN5 

(5'-GGACCTTCTCGAGTATGTATCACTC-3') encoding BamHI and XhoI sites 

(underlined in the primer sequence), respectively. These primers amplified a 1,669bp 

product from bases 115-1,764 of the aln gene. The PCR fragment was digested with 

BamHI-XhoI and cloned into pTrcHis B (Invitrogen), to generate pBJ51, which encoded 

the 63.7kDa HIS-ALN. Cultures for purification of HIS-ALN were grown and lysed as 
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described (Lucas et al., 2009). HIS-ALN was purified from the soluble cell fraction using 

TALON Metal Affinity Resin, as described (Clontech). HIS-ALN was eluted from the 

resin with 50mM imidazole, 20mM Tris-HCl, 100mM NaCl, pH 8.0 (elution buffer). 

Total protein concentration was determined using Bradford Protein Assay Reagent 

(Bio-Rad). 

SDS-PAGE and Western blotting. Proteins were separated by electrophoresis in 

10% (w/v) SDS-polyacrylamide gels and transferred to nitrocellulose (Ausubel et al., 

1994). Western blots were immunostained using rabbit anti-HIS-ALN (prepared by 

immunization of a rabbit with HIS-ALN, Antibodies Inc.) and rabbit anti-goat 

IgG(H+L)-peroxidase conjugate (KPL), as the primary and secondary antibodies, 

respectively. Rabbit antiserum against PFO was kindly provided by Rodney K. Tweten, 

University of Oklahoma Health Sciences Center, OK. 

Hemolytic assays. The hemolytic titers of HIS-ALN preparations were determined 

by incubation of two-fold serial dilutions of protein with an equal volume of 0.5% blood 

(Cleveland Scientific) at 37oC for 1 h (Billington et al., 1997). The hemolytic titer was 

the reciprocal of the highest dilution which resulted in 50% cell lysis, expressed as 

hemolytic units (HU) (Billington et al., 1997). The specific activity of purified HIS-ALN 

was determined as HU/μg protein. Thiol-activation was assessed by incubation of 5HU 

HIS-ALN with 2% β-mercaptoethanol for 10 min at room temperature, prior to 

performing a hemolytic assay with human blood (Cleveland Scientific). Cholesterol 

inhibition was assessed by incubation of 5HU HIS-ALN with 0.01-1µM cholesterol for 

30 min at room temperature with shaking, prior to performing a hemolytic assay with 
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human blood. Cholesterol was diluted in absolute ethanol and an equal volume of ethanol 

was used as the no cholesterol control. HIS-tagged PFO (Fernandez-Miyakawa et al., 

2007) and HIS-tagged PLO (Billington et al., 1997) were used as controls in the various 

hemolytic assays. Inhibition of hemolytic activity was performed by pre-incubation of 

50ml of 1% human blood with 100mg anti-human CD59 monoclonal antibody 

(Chemicon) or irrelevant control monoclonal antibody for 1 h at 37oC prior to hemolytic 

assay. 

Membrane binding assay. The membrane binding assay was performed using 

erythrocytes as previously described (Jost et al., 2003). HIS-ALN was diluted to 12.5µg 

ml-1 in PBS, 40µl was added to an equal volume of 50% (v/v) blood and the mixture was 

incubated on ice for 20 min. Cells were harvested by centrifugation at 14,000g for 5 min 

at 4oC, resuspended in SDS-PAGE sample buffer and subjected to SDS-PAGE and 

Western blotting with antiserum against HIS-ALN. 

Epithelial cell cytotoxicity. The epithelial cells cytotoxicity of HIS-ALN was 

determined using the CellTiter 96® Aqueous One Solution Cell Proliferation Assay 

(Promega). A549 (human lung, CCL-185), CHO (hamster ovary, CCL-61), HCT-8 

(human colon, CCL-244), J774A.1 (mouse macrophage, TIB-67), MDBK (bovine 

kidney, CCL-22), MDCK (canine kidney, CCL-34) and RK-13 (rabbit kidney, CCL-37) 

cells were cultured in Iscove’s Modified Dulbecco’s Medium or RMPI 1640 with 10% 

fetal bovine serum and 10µg gentamycin 10-1 in a humidified, 5% CO2 atmosphere at 

37oC. Cells were seeded into 96-well plates at 2 x 104 cells/well and incubated for 18 h to 

achieve 80% confluence. Triplicate wells were incubated with doubling dilutions of 
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HIS-ALN (0-2000ng) and incubated for 2 h, prior to addition of substrate for 3 h. 

Determination of cell viability was performed using the appropriate control values 

(Promega). 

 

RESULTS AND DISCUSSION 

Cloning and nucleotide sequence determination of aln. A draft genome sequence 

of A. haemolyticum ATCC9345 was determined and consists of 58 contigs that are 

~1.95Mb in size. 1,639 ORFs were identified using the Rapid Annotation using 

Subsystem Technology (RAST) Server (Meyer et al., 2008). Within this sequence, we 

identified an ORF, the translation of which displayed similarity to other CDC genes. The 

1,764bp gene was designated aln, for arcanolysin (ALN). Upstream of aln are a 

phosphoglycerate mutase gene (pgm) (EC 5.4.2.1) and an alanine tRNAGGC (Fig. 1). In 

the 426bp intergenic region are regulatory signals predicted to be involved in aln 

transcription, including a putative σ70 promoter and 3 direct repeats 

(ATTTT(G/C)(G/T)T) which are similar to those found immediately upstream of plo, 

encoding PLO the CDC of A pyogenes (Rudnick et al., 2003). 6bp downstream of aln is a 

transcriptional terminator with a ΔG=-18.05kcal/mol. Downstream of aln is orf735 which 

is divergently transcribed. ORF735 displays amino acid similarity to hypothetical 

proteins from a number of genome sequences, including Corynebacterium jeikeium 

(GenBank YP_249820.1). Further downstream is an additional alanine tRNACGC, orf336, 

the product of which displays amino acid similarity to a conserved hypothetical protein 

from Corynebacterium diphtheriae (DIP0761), and a gene with similarity to type II or 
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SAM-dependent methyltransferases (EC 2.1.1.-), designated ubiE. The %G+C for aln is 

46.5% (Fig. 1) compared with 49.7-60.3% for the surrounding genes and 53.1% for the 

entire genome (B.H. Jost and S.J. Billington, unpublished data). Given the lower %G+C 

of the aln gene and the presence of flanking tRNA genes, which can act as sites of 

foreign gene insertion (Williams, 2002), it is possible that the A. haemolyticum aln gene 

was acquired by horizontal gene transfer. Comparison with a draft A. pyogenes genome 

sequence revealed no synteny at this position (B.H. Jost and S.J. Billington, unpublished 

data). 

Analysis of the primary structure of ALN. The predicted ALN protein is 587 

amino acids in length, including a 44 amino acid signal sequence. The mature protein has 

a predicted molecular mass of 60.1kDa. Within the CDC family, ALN is most similar to 

PLO with 59.4% and 74.3% amino acid identity and similarity, respectively. However, 

ALN is the most divergent CDC characterized to date, with only 55-56% amino acid 

similarity to most other CDCs (Fig. 2). 

The CDC family is characterized by a highly conserved C-terminal undecapeptide 

sequence, which is involved in host membrane binding (Alouf et al., 2006). However, the 

ALN undecapeptide sequence is divergent and more closely resembles those of PLO 

(Billington et al., 1997) and ILY (Nagamune et al., 1996), in that it also lacks a Cys 

residue and the spacing of the Tyr residues which are involved in membrane binding are 

altered (Fig. 3a). 

ALN also contains a long N-terminal extension only found in two other CDCs 

(Fig. 3b). The LLO extension contains a PEST sequence which is associated with 
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proteasomal degradation (Decatur & Portnoy, 2000) and/or reducing LLO activity in the 

host cytoplasm (Schnupf et al., 2006). Within the ALN N-terminus, the pestfind 

algorithm identified a putative PEST sequence (Fig. 3b). LLO, with a bona fide PEST 

sequence, returned a score of 4.71, while ALN had a score of 7.59, indicating a higher 

probability of containing a functional PEST sequence. Given that A. haemolyticum 

invades host cells (Lucas et al., 2009), it is possible that the PEST sequence allows for a 

similar compartmentalization of ALN activity. 

The SLO extension is required for translocation of a cytotoxic product, 

NAD-glycohydrolase (SPN), into the host cell by CMT (Meehl & Caparon, 2004). As 

S. pyogenes prefers to invade tissue by moving between cells rather than directly into 

cells, this mechanism probably plays a significant role in keeping S. pyogenes 

extracellular. Deletion experiments of the SLO N-terminus identified amino acids 54-102 

as being required for translocation of SPN, but not the ability of SLO to form membrane 

pores (Meehl & Caparon, 2004). Interestingly, this domain cannot act autonomously, as 

fusing this sequence onto PFO did not allow PFO to participate in CMT (Meehl & 

Caparon, 2004). The N-terminal extension of ALN is not part of the CDC domain 

structure and does not align with other CDC molecules, including its nearest neighbor 

PLO (Fig. 3b). It is possible that this domain may also act in CMT, although this has yet 

to be determined. 

aln is widely distributed in A. haemolyticum isolates. The prevalence of the aln 

gene was determined by DNA hybridization. A DIG-labeled probe spanning bases 

492-1,052 of the aln ORF was hybridized to genomic DNA from A. haemolyticum 
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ATCC9345, 51 A. haemolyticum clinical isolates and A. pyogenes BBR1, as a negative 

control. The aln probe hybridized at high stringency to all A. haemolyticum isolates 

(n=53), but not A. pyogenes genomic DNA (data not shown), indicating that this gene 

appears to be highly prevalent in A. haemolyticum. 

Cloning and expression of HIS-ALN. SDS-PAGE and Coomassie Brilliant Blue 

staining of IPTG-induced cultures of DH5αMCR(pBJ51) indicated the presence of an 

over-expressed protein of ~64kDa, compared to similarly induced cultures of 

DH5αMCR(pTrcHis B) (Fig. 4a). HIS-ALN was purified from DH5αMCR(pBJ51) to 

>95% homogeneity using TALON resin (Fig. 4a), and the size of this protein (~64kDa) 

corresponded to its predicted molecular mass. Antiserum against ALN, but not 

pre-immune antiserum, reacted specifically with HIS-ALN (Fig. 4b and c). 

ALN has an unusual host cell species specificity. A. haemolyticum is not 

particularly hemolytic when grown on ovine or bovine blood agar (Funke et al., 1997), 

and the E. coli strain expressing HIS-ALN did not display hemolysis when grown on 

bovine blood agar (data not shown). Similarly, HIS-ALN displays reduced hemolysis 

with bovine or ovine erythrocytes (Fig. 5a). In contrast, HIS-ALN had ~4- and 10-fold 

increased activity on rabbit and human erythrocytes, respectively (Fig. 5a). This is in 

contrast to PFO or PLO, which show little difference in specific activity on erythrocytes 

from different hosts. 

The Cys residue in the undecapeptide is responsible for thiol-activation of this group 

toxins (Alouf et al., 2006). ALN is lacking the Cys residue in the undecapeptide, and like 

PLO (Billington et al., 1997), its activity was not affected by treatment with 
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β-mercaptoethanol (data not shown). 

The human preference of this toxin is also observed with cultured host cells. 

HIS-ALN was applied to human, bovine, canine, hamster, mouse and rabbit cell lines and 

this toxin was significantly more active on human cells (Fig. 5b). This toxin had an 

intermediate activity on rabbit and hamster cells, and lower activity on cells from other 

species (Fig. 5b). This finding mirrors the activity of ALN on blood from different host 

species (Fig. 5a), and is somewhat similar to the species specificity seen with ILY. ILY 

also displays a highly restrictive activity (~100-fold) on all non-human cell types, even 

the cells of the higher primates, (Nagamune et al., 1997). 

ILY uses human CD59 as its initial membrane receptor (Giddings et al., 2004), 

although it still requires cholesterol for the pre-pore-to-pore conversion of ILY(Polekhina 

et al., 2005). Attempts to block ALN hemolysis with a monoclonal antibody against 

human CD59 were unsuccessful (data not shown). However, it is unlikely that ALN uses 

CD59 as its receptor, as a recent report identified a nine amino acid sequence adjacent to 

the ILY undecapeptide that is responsible for direct CD59 binding (Hughes et al., 2009). 

ALN does not have any conservation with ILY in this region (data not shown). 

The activity of ALN is less sensitive to cholesterol inhibition. Given the unusual 

host species preference of ALN and the variant undecapeptide sequence, we hypothesized 

that ALN may interact differently with cholesterol in the host membrane. As expected, 

PFO activity was almost completely inhibited by 0.5μM cholesterol (7.6%; Fig. 6). In 

contrast, PLO and ALN retained 52.5% and 41.4% activity, respectively, when incubated 

with 0.5μM cholesterol and retained ~20% of hemolytic activity at 1 μM cholesterol 
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(Fig. 6). 

These data indicate that ALN and PLO activity have an intermediate sensitivity to 

cholesterol compared to CDCs with conserved undecapeptides. Similarly, free cholesterol 

is only weakly inhibitory to ILY activity, also as a function of its variant undecapeptide 

sequence (Nagamune et al., 2004). In ILY, the human-specificity of this toxin resides in 

the last 56 amino acids and does not include the undecapeptide (Nagamune et al., 2004). 

However, the weak affinity for cholesterol is hypothesized to also aid in the human 

specificity of ILY, by preventing the toxin from binding indiscriminately to 

cholesterol-containing membranes. The same may hold true form ALN, as it is still 

undetermined as to the identity of the preferred receptor for ALN. 

ALN binds differentially to host cell membranes. Hemolytic assays measure the 

full spectrum of CDC binding, oligomerization and pore formation leading to cell lysis. 

However, initial toxin binding to membranes can be determined by incubation of CDCs 

with host cells at 4oC, which prevents subsequent oligomerization and pore formation (de 

los Toyos et al., 1996). Using this approach, ~100% of HIS-ALN bound to human and 

rabbit erythrocytes as determined by Western blotting (Fig. 7). Conversely, HIS-ALN 

was unable to bind to bovine or ovine erythrocyte membranes under these conditions. As 

a control, HIS-PFO was incubated with human, bovine, ovine or rabbit erythrocytes, and 

bound toxin was detected with anti-PFO antiserum. HIS-PFO was able to bind to all cell 

types at approximately equivalent amounts (data not shown). 

The human specificity of ILY was in the initial membrane binding step (Nagamune et 

al., 2004). The fact that ALN does not bind to bovine erythrocyte membranes indicates 
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that some of the ALN host preference may occur at the initial contact of the toxin with 

the host cell membrane. ALN also likely requires a receptor other than cholesterol, the 

structure of which is conserved between host species. 

Conclusions. We report the identification of arcanolysin, the CDC of 

A. haemolyticum. Like ILY and PLO, ALN has a variant undecapeptide, which may 

contribute to its reduced reliance on cholesterol as a primary host cell receptor. ALN also 

possess an unusual N-terminal extension which has a PEST sequence and an additional 

sequence that may provide unique properties to this toxin, like the translocon of SLO. 

ALN displays unique host species specificity, with most activity against human 

erythrocytes and cultured cells. Unlike ILY which is human-specific, ALN has 

intermediate specificity against rabbit and hamster cells. Unlike PFO, ALN only binds to 

human and rabbit erythrocyte membranes and not bovine or ovine, which is in 

accordance with the hemolysis assay and cytotoxic assays.  The fact that ALN appears to 

bind ~100% to rabbit membranes yet only gives intermediate lysis is still not understood, 

but could arise from subsequent steps in pore formation such as oligomerization.  Given 

the role of CDCs as virulence factors in many Gram positive bacteria, we hypothesize 

that further work will similarly confirm that ALN is an important virulence factor of 

A. haemolyticum. 
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Fig. 1: Map of the aln gene region. The open arrows indicate the gene and the 

direction of transcription. Gene names are given above the arrows and the 

number below the name indicates the %G+C of the gene. A bar indicating 1kb 

is shown on the right. 
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Fig. 2: Phylogenetic analysis of amino acid sequences showing the relationship of 

ALN to the other CDCs. The protein parsimony program in PHYLIP v3.68 

(Felsenstein, 2005) was used to generate an unrooted dendrogram of CDC 

amino acid sequences from A. haemolyticum (ALN), A. pyogenes (PLO; 

(Billington et al., 1997), Bacillus anthracis (ALO; (Shannon et al., 2003); 

Bacillus cereus (CLO; (Kreft et al., 1983), C. perfringens (PFO; (Tweten, 

1988), Clostridium tetani (TLY; (Bruggemann et al., 2003), Listeria ivanovii 

(ILO; (Haas et al., 1992), L. monocytogenes (LLO; (Mengaud et al., 1989), 

Listeria seeligeri (ISO; (Haas et al., 1992), Paenibacillus alvei (ALY; 

(Geoffroy et al., 1990), S. intermedius (ILY; (Nagamune et al., 2000), 

S. pneumoniae (PLY; (Walker et al., 1987) S. pyogenes (SLO; (Kehoe et al., 

1987) and Streptococcus suis (SLY; (Segers et al., 1998). 

http://www.dsmz.de/microorganisms/bacterial_nomenclature_info.php?genus=Paenibacillus&show_genus_info=1
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a
ALN E G T G L A W D K W W - 
PLO E A T G L A W D P W W - 
ILY G A T G L A W E P W - R 

LLO E C T G L A W E - W W R 
PFO E C T G L A W E - W W R 
SLO E C T G L A W E - W W R 

Consensus E C T G L A W E - W W R 

b
ALN M W V G S Q K H Y F F Y Q D R G K I M T R R F L A T V 27
LLO - - - - - - - - - - - - - - - - - - - M K K I M L V F 8
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Fig. 3: Alignment of amino acid sequences of ALN. (a) Alignment of the CDC 

undecapeptide sequences of A. haemolyticum (ALN), A. pyogenes (PLO; 

(Billington et al., 1997), S. intermedius (ILY; (Nagamune et al., 2000), 
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L. monocytogenes (LLO; (Mengaud et al., 1989), C. perfringens (PFO; 

(Tweten, 1988) and S. pyogenes (SLO; (Kehoe et al., 1987). The consensus 

CDC undecapeptide sequence is shown on the bottom. Amino acids which are 

different to the consensus are boxed. (b) Alignment of the N-terminal regions 

of ALN, LLO, PFO and SLO. Amino acids which are conserved in at least two 

sequences are boxed. The N-terminal translocon domain of SLO and the 

corresponding N-terminal extension in ALN are underlined and over-lined, 

respectively. The putative PEST sequence of ALN and the PEST sequence of 

LLO are boxed. The signal sequence cleavage sites of ALN and LLO is 

indicated by the arrow above the sequence, while the cleavage sites of PFO and 

SLO are indicated by the arrow below the sequence. The start of the CDC 

domain structure is indicated by the bent arrow. Amino acid numbers are 

shown on the right. 
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Fig. 4: Overexpression and purification of HIS-ALN. Whole-cell lysates of 

IPTG-induced cultures of DH5αMCR(pTrcHis B) (lanes 1) and DH5αMCR 

(pBJ51) (lanes 2) and 500ng purified HIS-ALN (lanes 3) were subjected to 

SDS-PAGE. Separated proteins were stained with Coomassie brilliant blue (a) 

or were transferred to nitrocellulose by Western blotting and immunostained 

with 1/5000 rabbit pre-immune serum (b) or rabbit anti-HIS-ALN (c). The 

position of the ~64kDa HIS-ALN band is indicated by the arrow. Molecular 

mass markers (kDa) are indicated on the left. 
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Fig. 5: ALN has a preference for cells of human origin. (a) The specific activities of 

ALN were determined by incubation of dilutions of HIS-ALN with 

erythrocytes from different host species. (b) Dilutions of HIS-ALN were added 

to cultured host cells for he amount of ALN required to reduce the cell viability 

by 50% was determined using the CellTiter 96® Aqueous One Solution Cell 

Proliferation Assay (Promega). Error bars indicate one standard deviation from 

the mean calculated from the averages of at least three independent 

experiments conducted in duplicate (a) or triplicate (b). 
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Fig. 6: The activity of ALN is less sensitive to cholesterol inhibition. HIS-ALN was 

preincubated with dilutions of cholesterol for 30 min at room temperature prior 

to hemolytic assay. Error bars indicate one standard deviation from the mean 

calculated from the averages of three independent experiments conducted in 

triplicate. 
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Fig. 7: ALN has a differential ability to bind to erythrocyte cell membranes from 

different host species. HIS-ALN or buffer (negative control) was added to 

erythrocytes, and the mixture was incubated on ice for 20 min. Untreated or 

ALN-treated erythrocyte membrane fractions from human (H), bovine (B), 

ovine (O) or rabbit (R) blood were separated by SDS-PAGE, transferred to 

nitrocellulose, and immunostained with 1/1000 rabbit anti-HIS-ALN. Lane 9 

contains 500ng HIS-ALN (positive control) for comparison. Molecular mass 

markers (kDa) are indicated on the left. 
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