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A B S T R A C T

In Haemophilus ducreyi, heme uptake likely proceeds via a receptor-mediated 

process. The initial event involves binding to either o f two outer membrane receptors, TdhA 

and HgbA. Once heme is deposited into the periplasmic space, we hypothesize that a heme- 

dedicated periplasmic binding protein (hHBP) is responsible for transporting heme across the 

periplasmic space to the inner membrane.

To identify the hHBP, periplasmic extracts were generated from H. ducreyi 35000 

grown under high and low heme conditions and subjected to proteome mapping. Peptide 

sequences o f upregulated proteins grown under heme-restrictive conditions were determined 

by mass spectroscopy. A candidate hHBP was identified as a periplasmic binding protein 

homologous to YfeA o f Yersinia pestis. The gene encoding this protein appears to be in a 

typical ABC transporter operon. Under iron-limiting conditions, no upregulation o f the 

hHBP expression was observed; however, the purified hHBP was shown to specifically bind 

heme in a concentration-dependent manner.
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CH APTER ONE

INTRO DUCTIO N  

1.1 Haemophilus ducreyi

Haemophilus ducreyi is a Gram-negative pathogenic bacillus. This bacterium is 

fastidious with optimal growth at 33°C in a water-saturated environment under 5% CO2 or 

microaerophilic conditions [1,2]. H. ducreyi tends to autoagglutinate in liquid media or form 

cohesive colonies that can be pushed intact across an agar plate [1]. Intercellular adhesion 

properties can also be seen on Gram stain where H. ducreyi has been described to resemble 

schools of fish, railroad tracks, or fingerprints o f coccobacilli [1]. Although H. ducreyi was 

originally classified as part o f the Haemophilus genus due to its absolute requirement for 

heme and similar biochemical and antigenic properties, more recent rRNA analysis indicate 

it is only remotely related to other Haemophilus species. Due to this evidence, H. ducreyi 

has been placed in the Actinobacillus genus within the Pasteurellaceae family [3,4]. The 

complete genome sequence of 35 000HP (human-passaged strain) is now available and 

consists o f a single chromosome 1.7Mb in length encoding 1693 putative open reading 

frames (ORF) [5].

1.2 Chancroid

H. ducreyi is the etiological agent responsible for the sexually transmitted infection 

(STI) known as chancroid. Chancroid gets its name from the soft chancres produced by the 

infection on the genital area o f men and women. These ulcers are usually present on the 

prepuce and frenulum in men and on the vulva, cervix and perianal area in women [1,6]. 

Although chancroid is a genital ulcer disease (GUD), there have been occasional reported 

cases of lesions present on inner-thighs, breasts, and fingers thought to be caused by

1
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autoinoculation [1,7]. There have also been cases o f laboratory-acquired infection [8]. Lack 

o f systemic spread is thought to be, in part, due to the constricted temperature range shown in 

vitro by H. ducreyi limiting its ability to spread. This property also probably accounts for its 

preference for the skin [9]. It is speculated that the infective process o f H. ducreyi begins 

with small abrasions in the skin that occur during sexual intercourse [1,10]. Erythematous 

papules appear four to seven days after initial infection and progress to pustules [11]. Two to 

three days thereafter, pustules often burst producing very painful ulcers. These shallow 

ulcers with granulomatous bases typically have ragged and undermined edges and purulent 

exudates. In 50% of cases, inguinal lymphadenopathy occurs with involved lymph nodes 

developing buboes in some cases [12]. Buboes can unexpectedly rupture if  not drained or 

aspirated. Other complications that can arise are phimosis in men or additional ulceration 

caused by secondary bacterial infection [11].

1.2.1 Natural History

Leon Bassereau first identified chancroid to be separate from the chancres o f syphilis 

in 1852. However, Augusto Ducrey was the pioneer in H. ducreyi research and in 

recognition, the bacterium was named after him [13]. Ducrey was unable to culture H. 

ducreyi on laboratory media so he used innovative forearm autoinoculation techniques using 

pus taken from soft genital ulcers. After repeated passage, Ducrey was able to 

microscopically demonstrate a microorganism 1.48 microns in length and 0.5 microns in 

width with rounded ends [13]. Although there is still controversy as to how H. ducreyi was 

first cultured on blood agar, Bezancon was the first to fulfill Koch’s postulates in 1900. He 

was able to re-culture the organism from humans re-inoculated with H. ducreyi cultured from 

genital ulcers [13]. Tomasczewski later confirmed this work [13]. O f late, H. ducreyi has 

exhibited plasmid-mediated antimicrobial resistance to (3-lactams, penicillins, tetracyclines,

2
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chloramphenicol, sulphonamides, and aminoglycosides [1]. There have also been reported 

cases of chromosomally-mediated resistance to penicillin, ciprofloxacin, ofloxacin, and 

trimethoprim [1].

1.2.2 Epidemiology

The epidemiology o f chancroid is still poorly understood due to the continued lack of 

diagnostic tests available [14], Under reporting o f chancroid likely derives from the 

fastidious growth requirements o f H. ducreyi that lead to difficulty in culturing the organism 

from clinical specimens. In addition, culture media is expensive for resource-poor endemic 

areas. Therefore, using the surveillance of syphilis as a guide, the World Health 

Organization approximates that there are annually about 6 million cases o f chancroid 

worldwide [15],

Chancroid continues to play a causative leading role in GUD in resource poor 

countries such as Asia, Latin America, and Africa and has been linked to high morbidity 

rates [11,16-21], There have been reports that chancroid is responsible for up to 56% of 

GUDs in these countries [14,17-20]. Conversely, chancroid is uncommon in developed 

countries such as the United States [7,22], Canada [23], and Europe [24] where chancroid is 

restricted to only sporadic outbreaks. Individuals infected with chancroid have been 

epidemiologically linked to low socioeconomic status and/or to having sex with commercial 

sex workers [25-28]. Interventional therapy targeting sex workers in many countries have 

resulted in a sharp decline in chancroid cases. For instance, Kenya implemented programs 

that increased condom usage by sex workers by 80% resulting in a decline in the proportion 

o f GUDs caused by chancroid to less than 10% [27]. Similar results were also seen in 

Thailand where there was a 95% decline in chancroid within five years o f initiating a 100% 

condom policy for commercial sex establishments [27,29], Chancroid once was the most

3
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prominent GUD in Kenya [27]. Legalization o f prostitution, offering regular examinations 

and treatment options to sex workers in Senegal resulted in only infrequent reports o f 

chancroid [27], A dramatic drop in chancroid rates can also be achieved by presumptive 

antibiotic treatment o f female sex workers in areas where the rates o f male circumcision are 

low without changing condom usage. Such a strategy has resulted in a 46% decrease in 

clients reporting H. ducreyi infection over a one-year period [30].

Chancroid is more common in men than in women with a ratio as low as 3:1 and as 

high as 25:1, respectively. Uncircumcised men [23] and persons using crack cocaine or 

engaged in sex with crack cocaine users are at particular risk for acquiring chancroid [22,31].

1.3 M ethods o f Diagnosis

1.3.1 Clinical and Culture Detection

The clinical presentation o f chancroid is difficult to differentiate from other GUDs 

such as infections caused by Treponema pallidum  and herpes simplex virus (HSV) [22], 

Also, pre-existing human immunodeficiency virus (HIV) infection alters the clinical 

presentation and clinical course of chancroid making it harder for clinicians to identify [32- 

35]. As a result, chancroid has a clinical diagnostic accuracy ranging from 33% to 80% 

[36,37] with the best accuracy in clinical areas where chancroid is endemic as clinicians were 

more clinically experienced in the diagnosis [7], There have been many studies performed to 

determine the best media to support the growth o f all H. ducreyi strains [38-41]. No single 

media has been shown to be superior due to differences in nutrient requirements, mainly 

nitrogen source, required by various strains o f H. ducreyi [10]. The combination of using 

two agar-based media, gonococcal agar base medium supplemented with hemoglobin, fetal 

bovine serum, IsoVitalex, and vancomycin, and Mueller-Hinton agar supplemented with 

chocolatized horse blood, IsoVitalex, and vancomycin, is optimal for H. ducreyi isolation

4
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[38,39]. Together, these two media possess a 71% positive detection rate from clinical 

samples [38,39]. The replacement of fetal bovine serum with either activated charcoal 

[7,42,43] or bovine albumin [44] lessens the cost of the media without affecting the isolation 

rates. More recently, Mueller Hinton agar base with chocolate horse blood and Isovitalex 

added in tandem with Columbia agar base with bovine hemoglobin, activated charcoal, fetal 

calf serum and Isovitalex have been advocated as the primary isolation media [45]. This 

approach would allow for the identification o f vancomycin-sensitive strains previously 

reported in the United States [46] at the expense of not inhibiting the growth o f Gram- 

positive normal flora [47]. Despite these limitations, laboratory culture remains the “gold 

standard” in diagnosis o f chancroid due, in part, to its cost-effectiveness and availability [1].

1.3.2 Non-culture Techniques

The diagnostic tools described in this section are only used as research tools at the 

present time. These techniques would be too expensive to implement in resource-poor areas 

where H. ducreyi remains endemic [1]. H. ducreyi can be identified by polymerase chain 

reaction (PCR) using primers to amplify a variety of different genes: groEL gene [48], 16S 

rRNA gene [49-51], rrl (23S) and rrs (16S) ribosomal intergenic spacer region [52], and an 

anonymous l.lk b  fragment [1,53]. A multiplex PCR (M-PCR) able to identify several 

pathogens responsible for GUDs -  H. ducreyi, T. pallidum, HSV 1 and 2 -  has demonstrated 

an increasing trend of multiple GUD infections in the same patient at the time o f specimen 

collection [54], Thus far, M-PCR is not available commercially or for clinical use and still 

has some unresolved problems. M-PCR has proven to be successful for in vitro cultured H. 

ducreyi', however, identification o f H. ducreyi from genital ulcer specimens by M-PCR has 

been a challenge because o f the presence o f Taq polymerase inhibitors in the transport media 

resulting in a 75% sensitivity rate as compared to culture [16,53,54]. This diagnostic
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accuracy is a significant improvement over culture techniques that exhibit a 35-75% 

sensitivity rate [1].

Antigen detection methods, including an indirect immunofluorescence assay using a 

monoclonal antibody against either an outer membrane protein [55] or lipooligosaccharide 

[56], have shown a greater sensitivity (>90%) for chancroid detection as compared to 

culturing methods [55]. DNA-DNA hybridization techniques using 32P-labelled probes has 

proven successful for the detection o f H. ducreyi from pure or mixed bacterial suspensions or 

from material sampled from rabbit lesions [57]. Finally, enzyme immunoassays using 

sonicated whole-cells [58,59], outer membrane proteins [60], or purified lipooligosaccharide 

[60] as antigen have all been problematic for serological detection due to the cross-reactivity 

o f human sera with other Haemophilus species [59,61],

1.4 Links to H IV  Transm ission

Several epidemiological prospective and cross-sectional African studies have 

unequivocally demonstrated that H. ducreyi infections are a risk factor for the spread of 

heterosexually acquired HIV infection [22,62-64]. In countries where HIV is prevalent, 

chancroid is the most common GUD with a strong synergy between the two [65-67]; 

conversely, chancroid is uncommon in countries with low HIV infection rates [27]. There 

are many mechanisms that facilitate HIV transmission in individuals with chancroid. Firstly, 

GUDs, including chancroid, disrupt the epithelial and mucosal barriers as opposed to non­

ulcerative STIs [68-72]. Secondly, chancroid ulcers have been shown to contain CD4+ T 

lymphocytes -  the primary cellular target of HIV [32,33]. HIV has also been isolated from 

chancroid ulcers [70-71]. Macrophages present in the ulcers have significant upregulation of 

both CCR5 and CXCR4 expression with CD4 T cells having significantly increased 

expression o f CCR5. Therefore, this significant increase in HIV-1 co-receptor expression
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could facilitate the acquisition o f certain HIV strains -  i.e. R5 (CCR5), X4 (CXCR4), and 

dual-tropic strains [73]. Thirdly, semen from HIV seropositive patients co-infected with 

chancroid has a higher quantity o f HIV as compared to those HIV-seropositive persons not 

infected by H. ducreyi [74]. HIV-chancroid co-infected patients have an increased number 

o f chancroid ulcers that require more prolonged antibiotic therapy for microbiological and 

clinical cure compared to HIV-seronegative chancroid infected patients [74]. GUDs also 

increase the vaginal shedding o f the HIV [75]. The risk o f both HIV infection and chancroid 

is increased in uncircumcised men [68,76].

1.5 Treatm ent and Prevention

The recommended antibiotic treatment for chancroid issued by the World Health 

Organization includes either 500mg oral erythromycin three times daily for one week, a 

single intramuscular dose o f 250mg ceftriaxone, a single oral dose of 500mg ciprofloxacin, 

or a single intramuscular dose of 2g spectinomycin [11]. The single dose antibiotic 

treatments are advantageous because of patient compliance as compared to treatments lasting 

several days [27,77]. Uncircumcised men [32,78,79], individuals co-infected with HIV [32, 

80], or undiagnosed HSV infection [11] all have an increased risk o f treatment failure. The 

World Health Organization has also implemented a syndromic management approach in 

which patients presenting with presumptive STIs are treated with antimicrobial agents active 

against all probable STIs endemic for that local area. This management system eliminates 

expensive laboratory culture tests, problematic culturing o f this fastidious organism, and 

requires minimal clinical diagnostics [81].

Proper hygiene has been shown in the pre-antibiotic era to reduce the spread of 

chancroid. During World Wars I and II, washing the genital area with soap and water after
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sexual intercourse decreased the risk of acquiring chancroid [26,82]. Male circumcision 

reduces the risk o f acquiring both H. ducreyi and HIV infections [78,83,84].

Evidence exists to support the possibility for the total eradication o f chancroid. There 

are three important factors that determine if  eradication is possible and H. ducreyi infection 

meets all three [85]. Firstly, chancroid can be diagnosed clinically and microbiologically 

thus aiding in treatment and surveillance of the infection. Secondly, chancroid is easily 

treated with antibiotics. Lastly, chancroid cannot be maintained outside o f active human 

sexual networks because there are no other known biological reservoirs [27].

1.6 H ost Im m une R esponse

Results from the human model o f chancroid infection indicate that at the pustular 

stage of infection 48 hours after inoculation, H. ducreyi is observed both in epithelial 

micropustules as well as in the dermis. The bacterium has been shown to co-localize with 

polymorphonuclear leukocytes, collagen, fibrin, and macrophages [86]. As the infection 

progresses, an abscess is formed by polymorphonuclear leukocytes with a ring of 

macrophages at the base o f the pustule [5,86]. In the human challenge model o f chancroid, 

there is also recruitment o f both CD4 and CD8 cells to the dermis [87]. Little association 

with the following cells is seen: keratinocytes, fibroblasts, T cells, Langehans cells, laminin 

or bironectin [86]. H. ducreyi is maintained extracellularly and evades phagocytosis by 

poorly understood mechanisms [14]. This latter observation remains to be confirmed during 

natural infection. In both natural and human experimental infection, the production o f a 

delayed-type hypersensitivity reaction occurs [87-90]. A humoral immune response is 

mounted as demonstrated by anti-//, ducreyi antibodies present in the serum [58,60,91]. 

However, the immune response is non-protective as re-infection is common [6,92-96], The 

immune response also does not seem to be effective in clearing the bacterial infection with

8

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



lesions lasting for a lengthy period o f time and most often unresolved without antibiotic 

treatment [1]. However, a higher anti-H. ducreyi antibody level is detected in patients with 

longer lasting ulcers (>4weeks) as opposed to ulcers lasting only 14 days. This suggests that 

the humoral immune response occurs late in the ulcerative stage of chancroid infection [97].

Recent investigations suggest that immunizing pigs with the H. ducreyi hemoglobin 

receptor, HgbA, protects the animals against experimental chancroid infection. Additional 

studies are being pursued to determine if  an HgbA subunit vaccine can prevent chancroid

[98]. This outer membrane protein appears to be an excellent vaccine candidate because a H. 

ducreyi HgbA mutant cannot initiate infection as seen in the human model [14].

1.7 Potential Virulence Factors

Several potential virulence factors are thought to contribute to the pathogenicity o f H. 

ducreyi. The H. ducreyi lipooligosaccharide (LOS) with a molecular mass o f 3.5 to 6kDa

[99] is physiologically similar to that o f other Gram-negative pathogens exhibiting mucosal 

surfaces adherence characteristics and displays an epitope similar to a precursor o f a major 

blood group antigen [100,101]. This property allows for possible evasion o f host immune 

responses. The LOS can be sialyated resulting in a serum-resistant phenotype [102,103] but 

with reduced ability to attach and invade human karotocytes [104].

The surface o f H. ducreyi is covered with pili that mediate host cell adhesion [105] 

and have a molecular mass o f 24kDa [105]. A mutant lacking pili was not attenuated in 

virulence in the temperature-dependent rabbit model o f chancroid infection [1], The host 

receptor for pili has not yet been identified [7],

H. ducreyi secretes both a cytolethal distending toxin and a hemolysin that cause 

destruction o f tissue and aid in evasion of the immune system [14]. The cytolethal 

distending toxin is comprised of three soluble proteins -  22, 33, and 26kDa -  and is
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transported to the Golgi apparatus of epithelial cells, arresting the cells in G2 phase of 

growth [106,107]. Cytolethal distending toxin also induces apoptosis in both T and B cells. 

The hemolysin, responsible for 13-hemolysis [108], damages human foreskin fibroblasts in 

cell culture [109] and lyses a variety o f cell types including keratinocytes, fibroblasts, 

macrophages, T, and B cells [110,111]. Hemolysin is comprised o f two proteins that are 15 

and 16kDa in size [112].

The outer membrane receptors for hemoglobin (HgbA; lOOkDa) and heme (TdhA; 

82kDa) allow H. ducreyi to acquire iron and heme [113,114]. An HgbA isogenic mutant is 

attenuated in virulence both in the rabbit [1,115] and in the human challenge models of 

chancroid infection [1], The importance o f TdhA as a virulence determinant is unknown as a 

TdhA mutant is yet to be tested in the human challenge model.

Also, a major outer membrane protein (MOMP) ranging from 39 to 42kDa has been 

found in many strains H. ducreyi and exhibits no properties typical o f a porin [116]. There is 

some evidence to support a role of this protein in serum resistance [117,118].

A Cu-Zn containing superoxide dismutase (Cu,Zn-SOD), termed SodC, catalyzes the 

conversion of superoxide ions to oxygen and hydrogen peroxide. As the 21kDa SodC 

protein resides in the periplasmic space and endogenously produced superoxide cannot 

permeate the cytoplasmic membrane [119], H. ducreyi SodC has been proposed to protect 

the organisms from exogenous superoxide anions generated by polymorphonuclear 

neutrophils [120]. In support o f this proposal, a SodC isogenic mutant was more susceptible 

to extracellular superoxide killing compared to the parental strain [120].

Finally, a periplasmic zinc transport protein (ZnuA) is responsible for shuttling this 

essential nutrient required for protein structural stability and protein catalytic activity across 

the periplasmic space [121,122], The znuA gene encodes a mature protein o f 32kDa [123].
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The in vitro growth rate o f an isogenic ZnuA mutant was decreased and produced fewer 

lesions in the rabbit model as compared to the wild-type isolate [123],

1.8 Animal Models of Chancroid Infection

1.8.1 Human Challenge Model

In the human challenge model o f chancroid infection, human volunteers are 

inoculated using a Multi-Test Applicator (similar to the device used in allergy testing) with 

101 to 102 colony forming units (CFUs) o f viable H. ducreyi on the upper arm for lesion 

development [5]. The experimental endpoint is fourteen days post-infection and no adverse 

systemic symptoms are incurred [90]. This model provides information on the first few 

weeks of infection since patients with naturally occurring chancroid tend not to visit a clinic 

until three to four weeks after becoming infected [90], This model is limited to the study of 

the early stages o f chancroid infection as lesions are not allowed, for ethical and safety 

reasons, to proceed to ulceration. In addition, only antibiotic sensitive strains are tested

[124],

1.8.2 Swine Model

The skin o f pigs is structurally and physiological similar to human skin. Lesions 

occurring seventeen days post-inoculation o f pig ears resemble that o f natural infection with

H. ducreyi [124]. Using an extremity (ears) is advantageous because the optimal temperature 

for the growth of H. ducreyi is 33°C to 35°C. Inoculation of H. ducreyi is performed with 

the same device used in the human model with about 104 CFU per dose. This model has 

been used to study both the pathogenicity and immunology of H. ducreyi infection [124],

1.8.3 Rabbit Model

In the temperature-dependent rabbit model o f chancroid infection, rabbits are 

intradermally injected with 105 CFUs of viable H. ducreyi [125], The entire clinical
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expression o f disease is recapitulated in this model from the formation o f necrotic lesions to 

ulcer development. Live organisms are recovered from the ulcers. This model does have a 

drawback as the rabbits must be housed at 15-17°C for necrotic lesion formation. H. ducreyi 

grows optimally at 33°C which is achieved by dropping the body temperature o f the rabbit

[125].

1.8.4 Primate Model

In the primate model o f chancroid infection, adult macaques are injected with 107 to 

108 CFUs o f viable H. ducreyi into the male foreskin or female vaginal labia [126]. Similar 

to natural infection, ulcers develop after six to twelve days post-inoculation. The changes in 

lesion and histopathological appearance during the course of infection mirror the 

abnormalities seen during natural chancroid, although the ulcers are less prominent in the 

female macaques. H. ducreyi is recovered from lesions up to twenty days post-inoculation. 

Inguinal lymphadenopathy is noted in male macaques. The expense o f maintaining primates 

is a significant limitation o f this model [124].

1.9 Hem e and Iron Assim ilation in G ram -negative Bacteria

To survive in the low iron and heme environment o f the human host, high affinity 

pathways for iron and heme acquisition are required by pathogenic bacteria to obtain iron, an 

essential molecule in many metabolic pathways [127]. Iron is limited in the human host due 

to the low abundance o f extracellular free iron and due to binding to the glycoproteins 

transferrin and lactoferrin [128]. Host iron restriction serves as a defense against microbial 

invaders and protects host cells from ferric iron toxicity [129]. Also, the vast majority of 

total body iron (99%) is found intracellularly in the form o f heme and hemoproteins [130]. 

Therefore, pathogenic bacteria with an intracellular lifestyle can utilize heme directly
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whereas extracellular bacteria require the release o f cellular heme and iron sources by means 

o f hemolysins, cytotoxins, or permeases [131].

Bacteria overcome the iron and heme restriction imposed by the human host by 

several mechanisms (Figure 1). Firstly, some bacteria secrete small molecules termed 

siderophores or hemophores that capture iron or heme and heme-hemoplexin complexes, 

respectively. Examples o f pathogenic bacteria using siderophores to scavenge free iron are 

as follows: Neisseria gonorrheae [132], Escherichia coli [133], and Salmonella spp. [134] 

using the siderophore enterobactin; Yersinia pestis using the siderophore yersiniabactin [135- 

139]; and mycobacteria using the siderophore carboxymycobactin [140]. The ability of 

siderophores to chelate iron is due in part to the high affinity these molecules display for 

iron. For example, the affinity o f enterochelin (10'49M) for iron exceeds that o f transferrin 

(10'20M) by several orders o f magnitude [141]. Following binding to a specific outer 

membrane receptor, the siderophore-iron complex is transported into the periplasmic space 

[142]. Bacteria shown to produce hemophores include: H. influenzae (HxuA), Serratia 

marcescens, Y. pestis (HasA), and Pseudomonas spp. (HasAp) [143,144]. Once bound to 

their respective heme source, the hemophore then shuttles the complex to an outer membrane 

receptor.

The expression of outer membrane receptors that specifically recognize host iron- 

containing proteins and hemoproteins represents another significant mechanism for iron and 

heme acquisition (Figure 1). These high affinity outer membrane receptors bind free heme, 

hemoproteins, hemophore-bound proteins, transferrin, and lactoferrin [145,146]. The iron 

and heme are then extracted from the ligand-receptor complex by a poorly understood 

mechanism and transported across the outer membrane using a TonB-mediated process.
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Figure 1: Proposed heme acquisition pathways in Gram-negative bacteria (adapted 
from reference 127).

In both cases, energy for transport across the outer membrane is supplied by the TonB 
complex. This complex includes the TonB protein anchored to the cytoplasmic membrane 
and two accessory proteins, ExbB and ExbD. Once deposited into the periplasmic space, 
iron and heme are conveyed to the cytoplasm via an ABC transporter. This system is 
composed of a periplasmic binding protein to shuttle heme through the periplasmic space, a 
membrane-associated permease, and an ATPase to supply the necessary energy. These 
mechanisms for heme transport are also demonstrated in iron transport.

A: Direct binding o f ligand to its specific TonB-dependent outer membrane receptor.
B: Hemophore capture o f heme or hemoproteins.

Hb = hemoglobin; HbR = hemoglobin receptor; Hm = heme; HmR = heme receptor; OM = 
outer membrane; P = periplasm; CM = cytoplasmic membrane.
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Several such outer membrane proteins have been identified in this receptor-mediated process 

and include the following: HmbR, the hemoglobin receptor, HpuAB, the hemoglobin-

haptoglobin receptor, LbpAB, the lactoferrin receptor, TbpAB, the transferrin receptor for 

both N. gonorrheae and N. meningitidis [147-150]; HmuR, the heme receptor for Y. pestis 

[151]; ShuA, the heme receptor for Shigella dysenteriae [152]; and PhuR and HasR, the 

heme receptors for P. aeruginosa [153].

1.9.1 TonB System

Once captured by the ligand-specific outer membrane receptors, iron and heme are 

transported into the periplasm o f Gram-negative bacteria by an energy-mediated TonB- 

dependent process (Figure 1)[154], It has been experimentally shown that many outer 

membrane receptors require a functional TonB system for successful iron and heme transport 

[113,114,151,152,154-158]. The proton motive force responsible for this displacement 

arises from the TonB complex comprised of the TonB protein anchored to the cytoplasmic 

membrane and two accessory proteins, ExbB and ExbD. Receptors requiring energy 

supplied by the TonB system are therefore deemed TonB-dependent and possess similarities 

in amino acid sequences referred to as TonB boxes [154]. TonB boxes in the receptor 

sequences are areas that interact directly with the TonB protein.

1.9.2 ATP-Binding Cassette (ABC) Transporters

Once deposited in the periplasmic space, iron and heme are conveyed to the 

cytoplasm via an ABC transporter (Figure 1) [159]. Thus, the ABC transporter represents a 

point of convergence for both the iron and heme uptake pathways as each system uses this 

mechanism to transport its respective ligand into the cytoplasm [160]. A typical ABC 

transporter in Gram-negative bacteria consists o f a periplasmic binding protein that shuttles 

its ligand across the periplasmic space, a specific cytoplasmic permease, and an ATPase
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which supplies the energy necessary to transport the ligand across the cytoplasmic membrane 

[161]. HitABC is used for iron transport in H. influenzae [162], SfuABC for iron transport in

S. marcescens [163], FbpABC for iron transport in pathogenic Neisseria species [164], 

YfeABCD for acquisition o f inorganic iron and HmuTUV for heme and hemoprotein 

transport in Y. pestis [165], HutWXZ for heme acquisition in Vibrio cholerae [166], 

PhuUVW for heme transport in P. aeruginosa [153], and ShuTUV for heme transport in S. 

dysenteriae [151]. Despite the lack o f homology among these proteins, their existence in 

several pathogenic bacteria suggests that these systems are required for pathogenicity [164 

167,168].

1.9.3 Ferric Uptake Regulation

Iron acquisition and therefore virulence are often regulated in bacteria by a ferric 

uptake regulated (Fur) protein [169-174]. When ferrous iron is present, the Fur protein binds 

as a homodimer to DNA regulatory sequences known as Fur boxes. This binding action 

represses gene transcription and therefore suppresses genes involved in iron transport [175],

1.10 Hem e and Iron Acquisition in H. ducreyi

H. ducreyi has an absolute requirement for heme due to the absence o f several 

enzymes in the heme biosynthesis pathway. Circumstantial biochemical evidence suggests 

that the organism lacks ferrochetalase [176,177], the enzyme that catalyzes the insertion of 

ferrous iron into the porphyrin ring. The bacterium exhibits a high heme requirement 

(77pM) that is in excess of that needed by other heme-obligate organisms [7,44,113]. H. 

ducreyi produces no siderophores [176]. Various compounds can satisfy the high heme 

demands o f H. ducreyi including hemoglobin, hemoglobin-haptoglobin, catalase, free heme, 

and heme-albumin [176]. Access to many of these intracellular compounds is likely by cell 

lysis via the H. ducreyi produced hemolysin and cytotoxins [178,179], As the heme moiety
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is comprised o f a porphyrin ring and a chelated iron molecule, the acquisition o f heme by H. 

ducreyi fulfills both the heme and iron requirements o f the organism. Size considerations 

suggest that heme entry into the periplasmic space does not involve passage through outer 

membrane porins. The 600 Daltons (Da) size exclusion limit o f these channels poses a 

barrier to heme [128] which is usually complexed to chloride or hydroxide or forms a 

homodimer in solution [127]. Heme uptake in H. ducreyi proceeds by a receptor-mediated 

process. Two TonB-dependent receptors have been identified, HgbA which binds 

hemoglobin [114] and TdhA which binds heme [113]. Once heme is in the periplasmic 

space of H. ducreyi, nothing is known about its fate. It is reasonable to assume that a heme- 

dedicated ABC transporter shuttles heme across the periplasmic space into the cytoplasm 

similar to other Gram-negative bacteria (Figure 1).

A Fur protein has been identified in H. ducreyi-, however, the genes that it regulates 

have not been identified [74], Evidence linking Fur regulation o f tdhA and hgbA include 

upregulation o f TdhA and HgbA expression under heme-limiting conditions; putative Fur 

box promoters present in tdhA and hgbA; and upregulation o f TdhA and HgbA when 

expressed in TonB mutants [113].

1.11 Proteom ics

Proteomics is defined as a large-scale study o f proteins with particular attention to 

structure and function. The approach encompasses protein separation, identification, 

quantification, and cellular interactions [180]. The most commonly used method involves 

two-dimensional (2D) gel analysis [181,182]. In this process, a protein sample is first 

separated by pi via isoelectric focusing (1st dimension) followed by separation based on mass 

via SDS-PAGE (2nd dimension). The second dimension allows for protein spot visualization 

using various gel staining methods and the peptide signature of the protein spot is determined
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by mass spectroscopy [183], Two-dimensional gel electrophoresis is both quantitative and 

highly reproducible and is mainly used to identify the entire protein complement within a 

protein sample, to determine differences in protein expression between different protein 

samples, and to identify post-translational protein modifications [182,184].

2D gel electrophoresis has been successfully used in a variety o f medical disciplines 

such as in neuropathology research to compare differences in protein expression in abnormal 

brain and normal brain tissue [185], in cardiology to compare diseased and normal myocyte 

protein expression [186], and in oncology to identify new tumor markers in various 

cancerous cells [183]. The most extensive use o f this technology has been in microbiology 

linking genomic and proteomics in pathogens such as S. typhimurium [187], E. coli [188], 

and H. influenzae [189]. Proteomics is also an important tool to identify alterations in 

protein expression influenced by environmental changes that are difficult to discern using a 

genomics approach. Such analysis has identified many bacterial virulence determinants as 

well as chemical and temporal resistance to many biochemical effects [190-193].

In the Haemophilus genus, 2D gel electrophoresis has been performed on H. ducreyi 

and H. influenzae. For H. ducreyi, the 35 000HP proteome was subjected to 2D gel analysis 

followed by mass spectrometry identifying a total o f 1 2 2  soluble and insoluble proteins 

[194]. There was only minimal protein diversity when compared to protein profiles from 

other clinical H. ducreyi strains with most o f the proteins having homology to H. influenzae 

proteins. The H. influenzae proteome comprises one o f the largest 2D proteome databases 

available to date [189],

There are several limitations to using 2D gel electrophoresis as a proteomics tool. 

Hydrophobic proteins are difficult to both solubilize and separate. Very basic proteins, high- 

mass proteins, and protein complexes are also difficult to separate. Lastly, proteins
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expressed in low amounts are not well visualized because of the low sensitivity o f available 

staining methods [190].

1.12 M etalloporphyrins

As mentioned previously, a large number o f bacterial pathogens possess a heme 

uptake pathway for iron acquisition. Iron is an essential nutrient not only for these pathogens 

but also for the host. Therefore, this uptake system is a virulence mechanism for the 

bacterium and can, in turn, be exploited as a potential target for drug delivery. New drug 

strategies are warranted with increasing emergence o f antibiotic resistance not only in H. 

ducreyi isolates, but also in many other pathogenic bacteria.

Metalloporphyrins (MPs) are compounds formed from a porphyrin ring and a metal 

ion. Several non-iron metalloporphyrins possess antibacterial activity against many 

pathogenic bacteria [195,196]. These compounds enter the bacteria by using the heme 

uptake pathway. However, the precise molecular components co-opted are unclear. In Y. 

entercolitica, the presence of both the outer membrane heme receptor, HemR, and TonB 

were necessary for entry o f the non-iron substituted MP. However, transport across the inner 

membrane was not necessary for its antibacterial action [196]. In contrast, in N. gonorrheae, 

the outer membrane hemoglobin receptor was not required for the anti-gonococcal activity of 

the MP [195].

Gallium protoporphyrin IX (Ga-PPIX) shows the most potent antibacterial action 

against Gram-negative and Gram-positive bacteria and against Mycobacterium spp. [195]. 

The antibacterial activity o f Ga-PPIX is a function o f the entire molecule as free gallium 

possesses no deleterious effects on pathogenic bacteria. Ga-PPIX exerted the most 

antibacterial activity when bacteria were grown under iron-limiting conditions where the 

expression of the components o f the heme uptake pathway is maximal [195]. Zinc
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protoporphyrin IX (Zn-PPIX) is highly active against several clinical strains o f H. ducreyi. 

Zn-PPIX and Ga-PPIX are the most active MPs tested against N. gonorrheae strain FA-19 

[196]. These MPs do not inhibit the residential vaginal micro flora o f which Lactobacillus 

spp. comprises the most populous component [196]. Maintenance o f the normal vaginal 

flora is important as these organisms are thought to naturally aid in the prevention of 

colonization by pathogenic bacteria [197]. Ga-PPIX is non-toxic to primary human 

fibroblasts (in concentrations up to 1 0 0 pg/ml) and produces no visible adverse affects in 

mice intraperitoneally injected with 25-20mg/kg followed by four daily injections o f 10- 

12mg/kg [196]. The addition o f 2pg of Ga-PPIX to mouse vaginal mucosa significantly 

protected against N. gonorrheae infection [195]. These observations suggest that substituted 

non-iron MPs may lead to the development o f novel topical microbicides in preventing STIs.
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1.13 H ypothesis

We propose that once heme is deposited into the periplasmic space o f H. ducreyi, a 

heme-dedicated periplasmic binding protein, a component of an ABC transporter, shuttles heme 

across the periplasmic space to the cytoplasmic membrane.

1.13.1 Objectives

To confirm the hypothesis, we pursued the following objectives:

1. Identification o f a periplasmic protein in H. ducreyi upregulated under heme-limiting 

conditions.

2. Cloning the gene encoding the H. ducreyi periplasmic heme binding protein.

3. Production o f polyclonal antisera against the H. ducreyi periplasmic heme binding 

protein.

4. Affinity purification o f the H. ducreyi periplasmic heme binding protein.

5. Functional characterization o f the H. ducreyi periplasmic heme binding protein.

6 . Determination of the ubiquity o f the H. ducreyi periplasmic heme binding protein.
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CH APTER TW O

M ATERIAL AND M ETHODS

2.1 Bacterial Strains and G rowth Conditions

All H. ducreyi strains were kindly provided by Dr. D.W. Cameron (University of 

Ottawa, Ottawa, ON, Canada)(Table 1). H. ducreyi 35 000 strain was isolated in the 1975 

Winnipeg chancroid outbreak; this strain was used for hHBP (H. ducreyi heme-dedicated 

periplasmic binding protein) identification, expression, and purification experiments. H. 

ducreyi was grown at 35°C with 5% CO2 and saturated humidity. E. coli TOP 10 cells and 

BL21 Star™ (DE3) cells were purchased from Invitrogen (Carlsbad, CA, USA) and were 

used for cloning and expression o f the hhbp gene (Table 1). E. coli strains were grown at 

35°C in ambient air. H. influenzae and Y. entercolitica clinical isolates were kindly provided 

by Dr. F. Chan (Children’s Hospital of Eastern Ontario, Ottawa, ON, Canada)(Table 1). H. 

influenzae strains were grown at 35°C in an atmosphere containing 5% CO2 and saturated 

humidity; Y. entercolitica strains were grown at 35°C in ambient air.

2.2 M edia and Culture Conditions

2.2.1 Chocolate Agar Plates (CAP)

All bacterial strains were subcultured from stock cultures frozen at -80°C onto 

supplemented chocolate agar plates [CAP; GC Medium Base (Difco/Becton Dickinson, 

Sparks, MD, USA), 1% (w/v) bovine hemoglobin (BBL/Becton Dickinson, Cockeysville, 

MD, USA), 5% (v/v) heat inactivated fetal bovine serum (FBS; Gibco/Invitrogen, Carlsbad, 

CA, USA), 1% (v/v) Isovitalex (BBL/Becton Dickinson, Cockeysville, MD, USA)] for 24 

hours prior to growth on selective media. For protein and DNA extraction, bacteria were 

grown on CAP for 24 hours.
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Table 1. Bacterial strains used in the current study
Bacterial Strains Relevant Strain Information Reference

H. ducreyi
35 000 Clinical isolate; Winnipeg, Canada Dr. D.W. 

Cameron
J1159 Clinical isolate; Nairobi, Kenya (1986-87); Dr. D.W.

Serotype E; LOS Class 6 Cameron
G29677 Clinical isolate; Nairobi, Kenya (1986-87); Dr. D.W.

LOS Class 4 Cameron
C148 Clinical isolate; Nairobi, Kenya (1981); Dr. D.W.

Serotype A; LOS Class 1 Cameron
PPC 263/1293 Clinical isolate; Nairobi, Kenya (1986-87); Dr. D.W.

Serotype E; LOS Class 3 Cameron
V1157 Clinical isolate; Seattle, USA; Serotype C; LOS Dr. D.W.

Class 5 Cameron
RO-27 Clinical isolate; Nairobi, Kenya (1986-87); Dr. D.W.

LOS Class 2 Cameron
K10159 Clinical isolate; Nairobi, Kenya (1986-87); Dr. D.W.

LOS Class 1 Cameron
RO-12 Clinical isolate; Nairobi, Kenya (1986-87); Dr. D.W.

LOS Class 2 Cameron
36-F-2 Pasteur Institute, Paris, France; LOS Class 3 Dr. D.W. 

Cameron
PPC358/1315 Nairobi, Kenya (1986-87); Serotype D; LOS Dr. D.W.

H. influenzae
Class 7 Cameron

70824 Non-typeable; Biotype III; Blood culture 
clinical isolate

Dr. F. Chan

15631 Non-typeable; Otitis media clinical isolate Dr. F. Chan

HI-38 Non-typeable; Otitis media clinical isolate Dr. F. Chan

51944

Y. entercolitica

Non-typeable; Biotype III; Blood culture 
clinical isolate

Dr. F. Chan

731918 Biotype IV; Serotype 0:3; Stool culture clinical 
isolate

Dr. F. Chan

M58850 

E. coli

Biotype IV; Serotype 0:3; Stool culture clinical 
isolate

Dr. F. Chan

One Shot® TOP 10 F' mcrA A(mrr-hsdRMS-mcrBC) Invitrogen;
®801acZAM15 AlacX74 recAl araD139 A (ara- Burlington,
leu)7697 galU galK rpsL (strR) endAl nupG ON, Canada

BL21 Star™ (DE3) F' ompT hsdSe (rs'Ma') gal dcm mel31 (DE3) Invitrogen; 
Burlington, 
ON, Canada
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2.2.2 Modified Gonococcal Agar Plates

H. ducreyi 35 000 was grown on gonococcal agar plates [GC; GC Medium Base and 

1% (v/v) Isovitalex] supplemented with determined concentrations (15-100 pg/ml) of heme 

and (10-200pM) of desferoxamine. Heme stock solutions were made by dissolving bovine 

hemin chloride (Sigma, St. Louis, MO, USA) in 0.1N NaOH and were used without further 

sterilization. Desferoxamine (desferal; Ciba Pharmaceutical Co., Summit, NJ) stocks 

(lOmM) were made by dissolving the compound in double-distilled H2O (ddH20) followed by 

filter-sterilizing using 0.75mm filters (Nalge Nunc International, Rochester, NY, USA). For 

cell fractionation, bacteria were grown on modified gonococcal agar plates (MGA) for 24 

hours. For periplasmic protein extraction samples to be used for 2D gel analysis, bacteria 

were subcultured three subsequent times on GC agar plates supplemented with the same 

concentration o f heme and desferoxamine to deplete intracellular heme stores.

2.2.3 Luria Bertani Agar Plates or Broth plus Ampicillin

E. coli strains were grown on Luria Bertani (LB) agar plates [LB broth (Difco/Becton 

Dickinson, Sparks, MD, USA), 1.5% (w/v) Bacto Agar (Difo/Becton Dickinson, Sparks, 

MD, USA)] or in LB broth with vigorous shaking at 200rpm using the appropriate growth 

conditions. To induce expression of the hhbp gene in BL21 Star™ (DE3) E. coli cells, 

isopropylthio-B-galactoside (IPTG; Invitrogen, Carlsbad, CA, USA) was added to a final 

concentration o f ImM at the mid-log phase (OD600 0.5-0.8) o f growth. For positive 

transformant selection, ampicillin (AMP; Sigma, St. Louis, MO, USA) was also added to the 

media to a final concentration o f 1 0 0  pg/ml.
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2.3 Cell Fractionation Procedures

2.3.1 Periplasmic Extraction

2.3.1.1 Osmotic Shock Method

Osmotic periplasmic extractions were performed as previously described [123]. 

Briefly, bacteria were grown on MGA under the appropriate growth conditions. After 24 

hours of incubation, bacterial lawns were harvested by scraping cells with a sterile loop. 

Cells were suspended in sterile phosphate buffered saline [PBS; 0.14M NaCl (Sigma, St. 

Louis, MO, USA), 2.7mM KC1 (BDH, Toronto, ON, Canada), Na2P0 4  (Fisher, Fair Lawn, 

NJ, USA), KH2PO4 (Sigma, St. Louis, MO, USA), pH 7.4] and pelleted by centrifugation 

(CR3z centrifuge, Jouan, Winchester, VA, USA) at 8000 x g for 10 minutes at room 

temperature. The wet weight o f the pellet was determined and 25% (w/v) 20mM Tris-HCl 

(BDH, Toronto, ON, Canada), pH 8.0, containing 20% (w/v) sucrose (BDH, Toronto, ON, 

Canada), 0.1M EDTA (Sigma, St. Louis, MO, USA), pH 8.0 (200pl per gram of pellet), 

lysozyme (Sigma, St. Louis, MO, USA)(600pl per gram of pellet), and ImM phenyl-methyl- 

sulfonyl floride (PMSF; Boehringer, Germany) were added. Following incubation o f the cell 

suspension on ice for 40 minutes, 0.5M MgCl2 (Sigma, St. Louis, MO, USA)(160pl per gram 

o f pellet) was added and mixed gently. Spheroplasts were pelleted by centrifugation for 20 

minutes at 23 000 x g (Beckman TLA-100.3 rotor, Mississauga, Ontario) at 4°C. The 

supernatant was centrifuged again for 90 minutes at 100 000 x g at 4°C. The resultant 

supernatant was collected and frozen at -20°C.

2.3.1.2 Chloroform Method

The chloroform method o f protein extraction was adapted from a previously 

described technique [198]. Bacteria were grown on MGA for 24 hours with the appropriate 

growth conditions. After 24 hours o f incubation, bacterial lawns were harvested by scraping
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cells with a sterile loop. Cells were suspended in sterile PBS and pelleted by centrifugation 

at 4000 x g for 10 minutes at room temperature. The pellet was washed twice with sterile 

PBS prior to suspension in an equal volume of sonication buffer (lOmM Tris-HCl, 5mM 

EDTA) and chloroform (EMD, Gibbstown, NJ, USA) with the addition o f PMSF to a final 

concentration of ImM. Following an incubation for 20 minutes at room temperature, the 

mixture was centrifuged for 60 minutes at 100 000 x g at 4°C. The supernatant above the 

supematant-chloroform interface was collected and frozen at -20°C. The pellet was used for 

the extraction o f the cytoplasmic fraction as described below.

2.3.2 Cytoplasmic Extraction

After removal of the periplasmic protein fraction contained in the supernatant, the 

chloroform interface was discarded to avoid periplasmic protein contamination during the 

cytoplasmic protein extraction. The pellet was resuspended in sonication buffer (lm L per 

gram wet weight) followed by four short bursts o f sonication using the sonifier/disrupter at 

15-20W output (Branson Sonic Power Co., Danbury, CT, USA)(4 rounds: 15 seconds 

sonication followed by 10 seconds interruption on ice). The sonicated mixture was then 

centrifuged at 100 000 x g for 60 minutes at 4°C. The supernatant was collected and frozen 

at -20°C.

2.3.3 Outer Membrane Protein Extraction

The outer membranes were harvested as previously described with a few 

modifications [199]. In brief, bacteria were grown on MGA containing 50pg/ml (77pM) 

heme and 50pM desferoxamine at the appropriate growth conditions. After 24 hours of 

incubation, bacterial lawns were scraped from the agar plates and suspended in 0.01M Tris- 

HCl, pH 7.0. Following centrifugation at 3000 x g for 10 minutes, the pellet was suspended 

in lOmM HEPES buffer (Sigma, St. Louis, MO, USA) and sonicated six times on ice using
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the sonifier/disrupter at 15-20W output ( 6  rounds: 30 seconds sonication followed by 15 

seconds interruption on ice). After centrifugation for 20 minutes at 10 000 x g at 4°C, the 

supernatant was removed and centrifuged again for 60 minutes at 100 000 x g at 4°C. The 

pellet was suspended in lOmM HEPES containing 1% (w/v) N-lauroyl-sarcosine (Sigma, St. 

Louis, MO, USA). After incubation for 45 minutes at room temperature, the mixture was 

centrifuged for 60 minutes at 100 000 x g at 4°C. The pellet was then resuspended into lOOpl 

sterile PBS and frozen at -20°C.

2.3.4 Whole Cell Lysates

Bacteria were grown on CAP or MGA at the appropriate growth conditions. After 24 

hours of incubation, the bacterial lawns were harvested and suspended in sterile PBS. This 

suspension was pelleted by centrifugation at 4000 x g for 10 minutes at room temperature. 

The pellet was then washed twice with sterile PBS and subsequently suspended in an equal 

volume o f sonication buffer. Sonication was performed four times using the 

sonifier/disrupter at 15-20W output (4 rounds: 15 seconds sonication followed by 10 seconds 

interruption on ice). The mixture was centrifuged for 60 minutes at 100 000 x g at 4°C. The 

supernatant was collected and stored at -20°C.

2.4 Tw o-dim ensional Gel Electrophoresis

The procedure used for two-dimensional (2D) gel electrophoresis is a modified 

version o f the ReadyStrip IPG strip protocol (BioRad, Hercules, CA, USA) and was 

performed in the laboratory o f Dr. Fraser Scott (Ottawa Health Research Institute, Ottawa, 

ON, Canada).
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2.4.1 Periplasmic Protein Desalting

Protein desalting spin columns (Pierce, Rockfort, IL, USA) were used to desalt the 

periplasmic extracts according to the manufacturer’s instructions prior to the rehydration step 

below. The desalted periplasmic extracts were quantified and stored at -20°C.

2.4.2 Step One - Rehydration

Ten micrograms o f desalted H. ducreyi 35 000 periplasmic proteins were suspended 

in reconstituted ReadyPrep Sequential Extraction Reagent 3 (SEB; BioRad, Hercules, CA, 

USA), 1% tributyl phosphine (TBP; BioRad, Hercules, CA, USA), and a few crystals of 

orange G (Sigma, St. Louis, MO, USA). After mixing by inversion and briefly vortexing, 

the 125pl o f rehydration buffer containing the periplasmic proteins was carefully loaded into 

the rehydration tray. A 7cm ReadyStrip™ IPG strip, pH 3-10 (BioRad, Hercules, CA, USA) 

was placed on this solution gel side down. After removing any trapped air bubbles, an 

overlay of 3ml mineral oil was added. The IPG strip was rehydrated at room temperature for 

12-16 hours.

2.4.3 Step Two - Isoelectric Focusing (IEF)

Paper wicks (BioRad, Hercules, CA, USA) were moistened with dd^O , blotted with 

tissue and placed to cover each wire electrode in the IEF focusing tray. After draining the 

mineral oil from the rehydrated IPG strip, the strip was placed gel side down in the focusing 

tray with the ends o f the strip covering the moistened electrode wicks in the correct polarity. 

The IPG strip was then covered with 2ml mineral oil and trapped air bubbles were 

eliminated. The strips were focused at 20°C with a maximum current of 50pA per IPG strip 

using the Protean IEF cell (BioRad, Hercules, CA, USA) with the following run parameters: 

(250V for 15 minutes; 5 000V until approximately 28 OOOVolt-hours). After completion o f
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the run, the focused IPG strips were drained o f excess mineral oil, wrapped in plastic wrap, 

flash frozen in liquid nitrogen and stored at -80°C.

2.4.4 Step Three - IPG Strip Equilibration

After complete thawing, the focused IPG strip was placed gel side up in the reduction 

tray to which reduction buffer [0.05M Tris-HCl, pH 6 .8 , 8 M Urea (BioRad, Hercules, CA, 

USA), 35% glycerol, 2% (w/v) DTT (Sigma, St. Louis, MO, USA), 0.3% (w/v) SDS] was 

added. The strip was incubated for 15 minutes with gentle shaking at 37°C. The strip was 

then removed and placed gel side up into the alkylation tray to which alkylation buffer 

[0.05M Tris, HC1, pH 6 .8 , 8 M Urea, 35% glycerol, 2.5% (w/v) iodoacetamide (Sigma, St. 

Louis, MO, USA), 0.3% (w/v) SDS] was added. The strip was incubated for 15 minutes 

with gentle shaking at 37°C.

2.5 Polyacrylam ide Gel Electrophoresis

2.5.1 Two-dimensional Gel Electrophoresis

Proteins were separated in the second dimension by sodium dodecyl sulfate 

polyacrylamide gel electrophoresis (SDS-PAGE) with a 10% acrylamide gel [0.375M Tris- 

HCl, pH 8 .8 , 0.1% (w/v) SDS, 10% (w/v) acrylamide-Bis (acrylamide/Bis 37.5:1; BioRad, 

Hercules, CA, USA)]. Before the strip was loaded into the gel, excess alkylation buffer was 

washed off o f the strip by rinsing with a small volume o f electrophoresis running buffer 

[25mM Tris, 192mM glycine, 0.1% (w/v) SDS]. The strip was then carefully pushed into the 

well o f the gel and covered with overlay agarose (BioRad, Hercules, CA, USA). 

Electrophoresis was carried out using the miniVE system (GE Healthcare Bio-Sciences 

Corp., Piscataway, NJ, USA) in electrophoresis running buffer with constant amperage of 

40mA per gel.

29

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



2.5.2 One-dimensional Gel Electrophoresis

All one-dimensional (ID) SDS-PAGE gels were performed with a 12% resolving gel 

[0.375M Tris-HCl, pH 8 .8 , 0.1% (w/v) SDS, 12% (w/v) acrylamide (Protogel; 30% (w/v) 

acrylamide, 0.8% (w/v) bisacrylamide, National Diagnostics, Altlanta, GA, USA)] and a 

4.5% stacking gel [0.125M Tris-HCl, pH 6 .8 , 0.1% (w/v) SDS, 4.5% (w/v) acrylamide] 

using a discontinuous buffer system [200]. Protein samples were diluted to the desired 

concentration in d d ^O  in an equal volume o f SDS-PAGE 2x sample buffer [125mM Tris, 

20% (v/v) glycerol, 4% (w/v) SDS, 10% (v/v) 2-mercaptoethanol (BDH, Toronto, ON, 

Canada), 0.002% (w/v) bromophenol blue (Fisher, Fair Lawn, NJ, USA)]. Samples were 

heated at 100°C for 5 minutes prior to electrophoresis at 100-200V in the Mini-Protean II 

electrophoresis cell system (BioRad, Richmond, CA, USA).

2.6 Staining M ethods for SDS-PAGE

2.6.1 SYPRO Ruby Staining

2D gels were washed twice for 30 minutes each in fixer solution (50% ethanol, 5% 

acetic acid). ID gels were washed twice in fixer solution for 10 minutes each. The gels were 

placed in Ziploc containers with 25mL SYPRO Ruby Stain (Sigma, St. Louis, MO, USA) 

and covered with tin foil. After gels were stained overnight with gentle shaking at room 

temperature, 2D gels were washed twice for 15 minutes in dcftUO; ID gels were washed 

twice for 10 minutes in ddH2 0 . The gels were visualized and photographed with UV light 

using the Multiimage Light Cabinet. 2D gels were also analyzed for changes in net 

intensities using two-dimensional analysis software (PDQuest; Bio-Rad, Hercules, CA, 

USA).
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2.6.2 Coomassie Staining

ID SDS-PAGE gels were stained with Coomassie [0.1% (w/v) Coomassie Brilliant 

Blue R-250 (EM Science, Darmstadt, Germany), Bismark brown R  (Sigma, St. Louis, MO, 

USA), 40% (v/v) ethanol (Commercial Alcohols Inc., Brampton, ON, Canada), 7% (v/v) 

glacial acetic acid] followed by destaining with 40% (v/v) ethanol and 7% (v/v) glacial acetic 

acid until protein bands were visible and the background was clear. Alternatively, ID SDS- 

PAGE gels were stained with RapidStain (G Bioscience, St. Louis, MO, USA) for 1 hour 

followed by several washes in ddH20 until the protein bands became visible and the 

background was clear.

2.6.3 Silver Staining

SDS-PAGE gels were washed three times for 5 minutes each in ddH20. The gels 

were incubated in fixer solution for 30 minutes at room temperature followed by a 10-minute 

wash in 50% (v/v) ethanol and a 10-minute wash in ddH20. The gels were then placed in a 

sensitizer solution [0.02% (w/v) sodium thiosuphate (Sigma, St. Louis, MO, USA)] for 5 

minutes. Two washes in ddH20 o f 5 minutes each were then followed by incubation in silver 

nitrate solution [0.1% (w/v) silver nitrate (BDH, Toronto, ON, Canada)] for 30 minutes. The 

gels were washed for 1 minute in ddH2 0 . To remove excess silver nitrate solution, the gels 

were rinsed twice briefly with a small amount o f developer solution [0.04% (v/v) formalin 

(BDH, Toronto, ON, Canada), 2% (w/v) sodium carbonate (BDH, Toronto, ON, Canada)]. 

To develop the protein spots, the gels were incubated in developer solution at room 

temperature until protein spots appeared. The reaction was terminated by rinsing briefly in 

ddH20 followed by the addition o f a 5% (v/v) acetic acid solution. For long-term storage, 

gels were placed in 1% (v/v) acetic acid and kept at 4°C.
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2.7 W estern Im m unoblotting

When performing western blots, samples underwent SDS-PAGE in duplicate in order 

to transfer one gel onto a Nitrocellose-1 membrane (Gibco Life Technologies, Gaithersburg, 

MD, USA) or hnmobilon-FL (Millipore, Billerica, MA, USA). The second gel was stained 

with Coomassie or SYPRO Ruby as described above to ensure correct loading. The transfer 

gel was first equilibrated in fresh Towbin transfer buffer [25mM Tris, 192mM glycine, 20% 

(v/v) methanol (Fisher, Fair Lawn, NJ, USA)] for approximately 30 minutes. The semi-dry 

Mini-Protean II blotting apparatus (BioRad, Richmond, CA, USA) was then assembled 

according to the manufacturer’s instructions. The transfer conditions were as follows: 30 

minutes at 20V with a constant amperage o f 0.5 A. After the transfer was complete, the blot 

was stained with 10% (v/v) Ponceau S (Sigma, St. Louis, MO, USA) to identify the 

molecular weight markers. The stain was removed by washing the blot several times in 

ddH20 followed by overnight incubation in a 2% skim milk blocking solution [2% (w/v) 

skim milk (EM Science, Gibbstown, NJ, USA) in PBS]. The blot was rinsed with ddH20 

followed by incubation for 30 minutes in a 1% skim milk solution [1% (w/v) skim milk, 

0.1% (v/v) Tween 20 (Sigma, St. Louis, MO, USA) in PBS]. After rinsing with ddH20, the 

blot was probed for 30 minutes at room temperature with the primary antibody solution 

[0.1% (v/v) Tween 20 in PBS]. After three washes o f 5 minutes each in PBS, the blot was 

incubated with a 1 :1 0  0 0 0  dilution o f goat anti-rabbit immunoglobulin horse radish 

peroxidase conjugated secondary antibody (BioSource, Camarillo, CA, USA) solution [0.1% 

(v/v) Tween 20 in PBS] for 30 minutes at room temperature. After three washes o f 5 

minutes each in PBS, the membrane was developed with TMB peroxidase substrate (KPL, 

Gaithersburg, Maryland, USA) for 1-5 minutes. The reaction was stopped by rinsing the blot 

with ddH20.
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2.7.1 Primary Antibodies for Western Immunoblotting

The rabbit polyclonal antibody raised against the H. ducreyi 35 000 SodC protein 

(anti-SodC) was produced by a Master’s student, Shahin Negari (University of Ottawa, 

Ottawa, ON, Canada), in our laboratory. Anti-SodC was used in a dilution o f 1:1 000.

The rabbit polyclonal antibody raised against H. ducreyi outer membrane proteins 

(anti-OMP) was produced by a previous PhD student, Isabelle Leduc (University o f Ottawa, 

Ottawa, ON, Canada), in our laboratory. Anti-OMP was used in a dilution of 1:1 000.

The anti-V5-HRP antibody (Invitrogen, Carlsbad, CA, USA) was used in a dilution 

o f 1:5 000 in immunoblot experiments to detect recombinant protein containing the V5 

epitope. The procedure supplied by the manufacturer was followed for membrane incubation 

steps. The membrane was developed with TMB membrane peroxidase substrate as indicated 

above.

The rabbit polyclonal antibody raised against the H. ducreyi 35 000 heme-dedicated 

periplasmic binding protein (anti-hHBP) was produced in the present study (see below) using 

Ni-NTA affinity-purified fusion hHBP expressed in BL21 Star™ (DE3) E. coli cells. Serum 

obtained from rabbits 1 0  weeks after the first immunization was used in a dilution o f 1 :8  0 0 0 .

2.7.2 Western Blot Stripping

In order to probe the same membrane with two different primary antibodies, the blot 

was stripped by incubation in lOOmM Glycine-HCl, pH 2.5 (Sigma, St. Louis, MO, USA) at 

53°C with gentle shaking. The solution was changed every hour for approximately 3-4 hours 

until the immunoreactive bands were not visible. The membrane was washed three times 

with PBS for 5 minutes each. The blot was then incubated with TMB peroxidase substrate 

for 1 0  minutes at room temperature to ensure the absence o f immunoreactive bands due to 

incomplete stripping of the primary antibody. The membrane was then washed thoroughly
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with ddH20  and blocked in a 2% skim milk solution for 2 hours at room temperature. The 

blot was reacted with a different primary antibody as detailed above in section 2.7.

2.8 C ham pion™  pET Directional TOPO® Expression System

The pET151/D-TOPO® kit (Invitrogen, Carlsbad, CA, USA) was used to express the 

recombinant hHBP protein with a N-terminal fusion tag containing the V5 epitope and 6 xHis 

region (Figure 2) using the manufacturer’s instructions with the modifications described 

below.

2.8.1 Genomic DNA Extraction and PCR Amplification

H. ducreyi 35 000 genomic DNA was extracted using the QiAmp DNA minikit 

(Qiagen, Mississauga, ON, Canada) according to the instructions supplied by the 

manufacturer and was used as template for PCR amplification o f the hhbp gene. The 

following primers were designed using Whitehead Institute for Biomedical Research’s web- 

based primer picking interface (http://ffodo.wi.mit.edu/cgi-bin/primer3/primer3 www.cgi). 

An additional pET151 recognition sequence was added to the 5’ end o f the forward primer: 

pET 151 -hHBPFOR: 5’-CACCATGAATCTTTCCTTTCTAA; pET151-hHBPREV: 5’-

GGATGCTGTAGCTTGTGTTATATTG (Invitrogen, San Diego, CA, USA). In order to 

achieve a blunt-end PCR product, the PfxUltima™  (Invitrogen, Carlsbad, CA, USA) 

proofreading DNA polymerase was used in the following PCR reaction: 0.625U

PfxUltima™  , lx  PfxUltima™  PCR buffer, l.OmM dNTPs, pH 8.0 at 0.25mM each, 0.4pM 

primers at 0.2pM each, and 2pl H. ducreyi genomic DNA as template. The 940bp PCR 

product was amplified using the Touchgene Gradient Thermocycler (Techne; Cambridge, 

UK) with the following conditions: an initial denaturation o f 94°C for 2 minutes; 30 cycles of 

94°C for 15 seconds, 42.5°C for 30 seconds, and 6 8 °C for 45 seconds; and a final extension 

of 6 8 °C for 5 minutes.
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Figure 2: Vector map and polylinker DNA sequence for PET151/D-TOPO®1

The expression vector pET151/D-TOPO® uses directional cloning for the insertion of the 
blunt-ended hHBP PCR amplification product. The hHBP protein is expressed in both E.coli 
TOP 10 cells and E. coli BL21 Star™ (DE3) cells under the control o f the T7 promoter. This 
expression vector has a N-terminal fusion tag consisting o f V5 and 6 xHis; there is also a 
TEV (Tobacco etch virus) protease recognition site for removal of the N-terminal peptide 
tag. Positive transformants are selected for by an ampicillin resistance marker.

Obtained directly from www.invitrogen.com/content/sfs/vectors/petl5ldtopo map.pdf and 
www.invitrogen.com/content/sfs/vectors/petl 51 dtopo mcs.pdf
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T7 termAAC-I CitiC 
TTC CCG6xHis epitope

pET151/D-T0P0
5760 bp

Comments for pET151/D-TOPO*
5760 nucleotides

T7 promoter: bases 209-225 
T7 promoter priming site: bases 209-228 
lac operator (lacO): bases 228-252 
Ribosome binding site (RBS): bases 282-289 
Initiation ATG: bases 297-299 
Polyhistidine (6xHis) region: bases 300-317 
V5 epitope: bases 318-359 
TEV recognition site: bases 360-380 
TOPO® cloning site (directional): bases 387-400 
T7 reverse priming site: bases 455-474 
T7 transcription termination region: bases 416-544 
bla promoter: bases 849-947 
Ampicillin {bla) resistance gene: bases 948-1808 
pBR322 origin: bases 1953-2626 
ROP ORF: bases 2997-3188 (complementary strand) 
lad  ORF: bases 4500-5612 (complementary strand)
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2.8.2 TOPO® Cloning Reaction and Transformation

The TOPO® cloning reaction was comprised of a PCR product at a molar ratio o f 1:4 

to TOPO® vector. The cloning reaction mixture was used to transform chemically competent 

OneShot® TOPIO E. coli cells for 30 minutes on ice according to the manufacturer’s 

instructions. Two different volumes of transformation mixture (lOOpl and 150pl) were 

plated onto pre-warmed LB agar plates containing AMP. After overnight incubation at 37°C, 

several transformants were selected for further analysis.

2.8.3 Analysis of Positive TOPIO Transformants

Colonies picked from LB agar plates containing AMP were analyzed by colony PCR 

using the PCR amplification conditions listed above for the 

pET151hHBPFOR/pET151hHBPREV primers with the exception that the initial 

denaturation time was increased to 10 minutes. Vector size was determined by agarose gel 

electrophoresis o f plasmid extracted using the PureLink™ HiPure Mini Plasmid DNA 

Purification kit (Invitrogen, Carlsbad, CA, USA). Transformants exhibiting the appropriate 

size amplicon were frozen in LB broth containing AMP with 15% (v/v) glycerol and stored 

at -80°C.

2.8.4 Expression of Recombinant Fusion Protein

To express the recombinant hHBP (rhHBP), plasmid isolated from a TOPIO 

transformant was used to transform BL21 Star™ (DE3) One Shot® E. coli cells according to 

the manufacturer’s instructions. Expression of the recombinant fusion protein was achieved 

by induction with IPTG at a final concentration o f ImM added at mid-log ( O D 6o o: 0.5-0.8) of 

growth.
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2.9 N i-N TA  Protein Purification

The Ni-NTA purification system (Invitrogen, Carlsbad, CA, USA) was used to purify 

the polyhistidine-containing recombinant protein from IPTG induced BL21 Star™(DE3) E. 

coli cells containing the pET151-hHBP vector. Briefly, bacterial cell lysates were prepared 

under denaturing conditions according to the manufacturer’s instructions. rhHBP was 

purified with Ni-NTA agarose under hybrid conditions. In the final elution step, the bound 

rhHBP was eluted in native elution buffer with sequentially increasing imidazole 

concentrations (50mM to 250mM). The rhHBP eluted optimally in the lOOmM and 150mM 

imidazole fractions as verified by SDS-PAGE. These fractions were then buffer exchanged 

with lx  purification buffer [50mM NaH2P0 4 , pH8.0, 0.5M NaCl] and concentrated using 

Amcon Ultra centrifugal filter devices (Millipore, Carrigtwohill, Cork, Ireland). Five percent 

(v/v) glycerol was added to the buffer exchanged and concentrated affinity-purified rhHBP 

and stored at -80°C.

2.9.1 AcTEV™ Cleavage Trials

The AcTEV™ protease (Invitrogen, Calsbad, CA, USA), an enhanced version of the 

Tobacco Etch Virus, was used to cleave the fusion tag from the affinity-purified rhHBP. The 

recommended conditions for fusion protein cleavage provided by the manufacturer were 

followed. Six-hour time course trials as well as overnight incubations were performed with 

the following reaction mixture: IX TEV buffer, ImM DTT, and 0.5U AcTEV™ protease per 

microgram of affinity-purified rhHBP. These time course trials and overnight incubations 

were performed at 4°C, room temperature, and 30°C.
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2.10 Agarose G el Electrophoresis

Gels composed of either 0.8% or 1.0% (w/v) agarose were electrophoresed using the 

Hoefer HE 33 Mini Submarine (Amersham Biosciences, Piscataway, NJ, USA) or the Wide 

Mini-Sub Cell GT (BioRad, Hercules, CA, USA) as per the manufacturers’ instructions. 

Briefly, UltraPure™ agarose (Invitrogen, Carlsbad, CA, USA) was diluted in lx  Tris-Borate- 

EDTA buffer [TBE; 0.55% (w/v) boric acid (BioShop, Burlington, ON, Canada), 1.1% (w/v) 

Tris base, 0.4% (v/v) 0.5M EDTA, pH 8.0)]. Prior to gel loading, 2pl o f lOx DNA gel 

loading buffer (Eppendorf, Westbury, NY, USA) was added to each sample. Gels were 

electrophoresed at 80-150V and DNA bands were visualized by adding 0.005% (v/v) 

ethidium bromide (EtBr; Invitrogen, Carlsbad, CA, USA) to the molten agarose prior to 

casting. Agarose gel images were observed and photographed with UV light using the 

Multiimage Light Cabinet (Alpha Innotech Corp., San Leandro, CA, USA).

2.11 Rabbit Im m unization Protocol for hH BP Polyclonal Antibody Production

The rabbit polyclonal antibody directed against rhHBP was produced at Cedarlane 

laboratories (Hornby, ON, Canada). The protocol was approved by the animal care 

committee from the University o f Ottawa. A single New Zealand white female rabbit was 

immunized with 1ml of antigen/adjuvant mixture comprised of lOOpg of antigen (affinity- 

purified rhHBP fusion protein) and 20pg Gerbu adjuvant. Each injection series consisted of 

four 2 0 0 pl subcutaneous injections in four widely separated anatomic sites and two 1 0 0 pl 

intramuscular injections in two biceps femoris sites o f the two hind limbs. Prior to the first 

injection, 3ml pre-immune blood was collected. Three weeks after the first injection, 3ml o f 

blood was collected from the marginal ear vein and a booster was administered. Six weeks 

after the first injection, 3ml o f blood was collected and a second booster was administered.
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Ten weeks after the first injection, the rabbit was anaesthetized after pre-medication with 

parenteral analgesic followed by exsanguination by cardiac puncture for terminal bleed 

collection. The rabbit was then euthanized by an injection o f sodium pentobarbital.

2.12 DNA and Protein Q uantification

2.12.1 DNA Quantification

The quantity o f genomic or plasmid DNA was estimated by running a known volume 

o f DNA sample with a high mass or low mass DNA ladder (both from Invitrogen, Carlsbad, 

CA, USA) on a 1% agarose gel.

2.12.2 Protein Quantification

Protein concentrations were determined using the BCA protein assay reagent or the 

Coomassie Plus -  The Better Bradford Assay Reagent (both from Pierce, Rockfort, IL, 

USA).

2.13 Protein and D N A  Sequencing

2.13.1 Mass Spectrometry of Periplasmic Binding Protein Candidates Identified by 2D 
Gel

High urea concentrations are incompatible with the MALDI tandem mass 

spectroscopy process used to determine the peptide signature of candidate proteins identified 

by 2D gel electrophoresis. Therefore, for 2D gels used for protein spot excision, the 

following equilibration buffers were replaced in section 2.4.4 above: reduction buffer 

[26.5mM Tris-HCl, 35.25mM Tris Base, 2.7% (w/v) SDS, 2.5% (v/v) glycerol, 2% (w/v) 

DTT]; alkylation buffer [26.5mM Tris-HCl, 35.25mM Tris Base, 0.5% (w/v) SDS, 2.5% 

(v/v) glycerol, 2.5% iodoacetamide]. In addition, all silver staining solutions were filter- 

sterilized using 0.75mm filters (Nalge Nunc International, Rochester, NY, USA) and staining 

was performed in a laminar flow hood. Desired protein spots were excised from the gel and
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stored in 1% (v/v) acetic acid (Fisher, Nepean, ON, Canada). Candidate protein spots were 

sent to the Ontario Genomics Innovation Center (OGIC; Ottawa, ON, Canada) for 

identification by MALDI tandem mass spectrometry.

2.13.2 Ni-NTA Affinity-purified Recombinant hHBP Analysis

SDS-PAGE gels were stained with RapidStain and washed with filter-sterilized 

ddFLO. All staining was done in a laminar flow hood. The protein bands were excised from 

the gel using a sterile scalpel and gel slices were stored in 1% (v/v) acetic acid solution. The 

protein bands were sent to the OGIC for identification by MALDI tandem mass 

spectrometry.

2.13.3 pET151-hHBP DNA Sequencing

Plasmid DNA was extracted with the PureLink™ HiPure Plasmid DNA Purification 

kit (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s instructions. The 

sample was diluted with sterile ddELO to a final concentration of 12.5ng in 10pi and sent to 

the OGIC for fluorescent DNA sequencing with the Applied Biosystems 3730 DNA 

Analyzer using the T7 promoter standard primer (5’-TAA TAC GAC TCA CTA TAG GG).

2.14 Hem e A garose B inding

2.14.1 Direct Heme Agarose Binding

Twenty microlitres o f bovine hemin-agarose suspension (>4pmol hemin/ml; Sigma, 

St. Louis, MO, USA) was washed three times with lm L binding buffer [lOOmM NaCl, 

25mM Tris-HCl, pH 8.0] and the affinity matrix was pelleted by centrifugation at 10 300rpm 

for 5 minutes at room temperature. The heme agarose was suspended in 500pl o f binding 

buffer to which lOpg of affinity-purified rhHBP was added. In the specificity assay, the 

affinity gel was incubated with concentrations o f affinity-purified rhHBP ranging from 

500ng to lOpg. The mixture was gently agitated on a Labquake Shaker Rotisserie
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(Bamstead/Thermolyne, Dubuque, Iowa, USA) for 60 minutes at room temperature followed 

by three washes with 500pl of binding buffer. Bound proteins were eluted by the addition of 

50pl 2x sample buffer and the sample was incubated at 100°C for 5 minutes. After 

centrifugation at 10 300rpm for 5 minutes at room temperature, 40pl o f the supernatant was 

used for SDS-PAGE gel electrophoresis.

2.14.2 Competitive Inhibition Heme Agarose Binding

Competitive binding experiments were performed in which lOpg o f the affinity- 

purified rhHBP was pre-incubated with increasing concentrations o f the competing ligands in 

a final volume of 200pl in PBS. The following concentrations of competing ligands were 

used: bovine hemin chloride [300pM to ImM; dissolved in 192pl 0.1N NaOH per mg bovine 

hemin chloride in PBS] with or without 2,2-dipyridyl [(Sigma, St. Louis, MO, USA);

1.25mM/lmM heme; dissolved in PBS], protoporphyrin IX [PPIX (Frontier Scientific, 

Logan, UT, USA); 25pM to ImM; dissolved in 3pi 0.1N HC1 per mg PPIX, 10% (v/v) 

ethanol in PBS], ferric nitrate [(Sigma, St. Louis, MO, USA); lOnM to ImM; dissolved in 

PBS], ferric chloride [(Sigma, St. Louis, MO, USA); lOnM to ImM; dissolved in PBS], or 

zinc protoporphyrin IX [Zn-PPIX (Frontier Scientific, Logan, UT, USA); ImM to lOmM; 

dissolved in 192pl 0.1N NaOH per mg Zn-PPIX] to a final volume of 200pl in PBS. 

Following incubation for 60 minutes at room temperature on a Labquake Rotisserie, the 

samples were added to the heme affinity gel suspended in 300pl of binding buffer. Heme 

affinity chromatography was then conducted as described above.

A N-terminal 6 xHis tagged purified recombinant outer membrane lipoprotein from 

Leptospira, rLipL32, expressed in E. coli BL21 Star™ (DE3) was kindly provided by Linru 

Wang (Canadian Food Inspection Agency, Ottawa, ON, Canada) as a positive control in 

heme agarose binding experiments. The purified recombinant protein was concentrated and

41

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



buffer exchanged in the same manner as indicated in Section 2.9 above. Ten micrograms of 

rLipL32 was pre-incubated with increasing concentrations o f heme in a competition binding 

assay.
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CHAPTER THREE

RESULTS

To identify the heme-dedicated periplasmic binding protein in H. ducreyi (hHBP) 

using a proteomics approach, we compared 2D gel periplasmic protein profiles grown under 

heme-limiting and heme-replete conditions. This strategy capitalizes on the observation that 

the expression of an ABC transporter is enhanced under ligand-restrictive conditions [201],

3.1 Determ ination ofH em e-iim iting Conditions f o r / / ,  ducreyi

H. ducreyi 35 000 strain was grown on GC agar supplemented with defined 

concentrations of heme (lOpg/ml to 100pg/ml) and 50pM of the iron chelator, 

desferoxamine. The addition of the iron chelator eliminated any excess inorganic iron 

present in the media allowing only supplementary heme to act as both the heme and iron 

source for the bacterium. H. ducreyi growth was supported at supplementary heme 

concentrations as low as 10pg/ml; however, the lawn of bacteria produced was not 

substantial for the large scale bacterial harvesting necessary for protein extraction. 

Therefore, the lower exogenous heme concentration (heme-limiting condition) was 

arbitrarily chosen to be 15pg/ml. The bacterial colonies grown with higher heme 

concentrations (>50pg/ml) were dark brown with a progression to off-white as the 

concentration o f heme reached lOpg/ml heme (data not shown).

3.2 Determ ination o f the Appropriate Tw o-dim ensional Gel Conditions

3.2.1 Osmotic Shock Versus Chloroform Method of Periplasmic Protein Extraction and 
Correct Protein Rehydration Concentration

Lawns o f H. ducreyi 35 000 grown on GC agar supplemented with 50pg/ml heme

and 50p.M desferoxamine were collected for periplasmic protein extraction. Both the
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osmotic shock method and chloroform method o f periplasmic protein extraction were 

performed to compare 2D protein profiles. A distinct difference in periplasmic protein 

profile was seen with the chloroform method resulting in crisper more defined protein spots 

(Figure 3). In addition, two concentrations of periplasmic protein extracts, lOpg and 20pg, 

were compared by 2D gel protein profile to determine the optimal rehydration protein 

concentration. The 2D periplasmic protein profile rehydrating lOpg o f protein sample 

produced more distinct protein spots (Figure 3Bi). Therefore, the optimal 2D gel periplasmic 

protein profile was achieved by rehydrating lOpg of periplasmic proteins extracted from H. 

ducreyi 35 000 using the chloroform method.

3.2.2 H. ducreyi Growth Conditions Needed to Determine Upregulation of Candidate 
Periplasmic Heme Binding Proteins Under Heme-limiting Conditions

Initial experiments compared 2D gel periplasmic protein profiles from H, ducreyi 

grown under heme-limiting conditions (15pg/ml heme and 50pM desferoxamine) or with 

50pg/ml heme and 50pM desferoxamine. Two independent periplasmic extracts were 

obtained for each o f these two growth conditions and 2D gel protein profiles were evaluated 

in pairwise comparisons in duplicate. The difference in protein expression between these 

two growth conditions was not obvious (Figure 4A and 4B). Therefore, the concentration of 

heme supplementation was increased from 50pg/ml to 100pg/ml in the presence o f 50pM 

desferoxamine. The 2D gels were stained with SYPRO Ruby, a quantitative stain as 

sensitive as silver staining, in order to identify changes in protein expression. There was a 

marked difference in protein expression when comparing these two conditions (Figure 5A 

and 5B). Therefore, the heme-replete condition used in further 2D gel analysis to determine 

candidate proteins consisted o f H. ducreyi 35 000 grown on GC agar with 1 OOpg/ml heme
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Figure 3. Two-dimensional periplasmic protein profiles of H. ducreyi 35 000 prepared 
using either the osmotic shock or chloroform method of protein extraction.

Overnight bacterial lawns o f H. ducreyi 35 000 grown on GC agar supplemented with 
50pg/ml heme and 50pM desferoxamine were collected and subjected to periplasmic protein 
extraction using either the osmotic shock (A) or chloroform method (B). Desalted 
periplasmic protein extracts were separated in the 1st dimension (pi) for 28 314Vhrs using 
7cm IPG strips, pH 3-10 and two protein extraction concentrations: lOpg (i) and 20pg (it). 
The proteins were separated in the second dimension by a 10% SDS-PAGE gel and silver 
stained. Molecular mass standards are indicated in kilodaltons (kDa).
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Figure 4. Initial two-dimensional periplasmic protein profile analysis to determine 
optimal H. ducreyi 35 000 growth conditions for visible upregulation of candidate heme- 
binding proteins.

Overnight bacterial lawns o f H. ducreyi 35 000 grown on GC agar supplemented with either 
50pg/ml (A) or 15pg/ml (B) heme and 50pM desferoxamine were collected and subjected to 
periplasmic protein extraction using the chloroform method. Ten micrograms of desalted 
protein sample was separated in the 1st dimension (pi) for 28 842Vhrs using 7cm IPG strips, 
pH 3-10. The proteins were separated in the second dimension by a 10% SDS-PAGE gel 
and silver stained. Molecular mass standards are indicated in kilodaltons (kDa).
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Figure 5. Optimal growth conditions of H. ducreyi 35 000 to visualize upregulation in 
protein expression under heme-limiting conditions.

Overnight bacterial lawns o f H. ducreyi 35 000 grown on GC agar supplemented with either 
1 OOpg/ml (A) or 15pg/ml (B) heme and 50pM desferoxamine were collected and subjected 
to periplasmic protein extraction using the chloroform method. Ten micrograms o f desalted 
protein sample were rehydrated in the 1st dimension (pi) for 30 OOOVhrs using 7cm IPG 
strips, pH 3-10. The proteins were separated in the second dimension by a 10% SDS-PAGE 
gel and stained with SYPRO Ruby. Molecular mass standards are indicated in kilodaltons 
(kDa).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



* ►

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

47



and 50pM desferoxamine and the heme-limiting condition consisted o f H. ducreyi 35 000 

grown on GC agar with 15|ig/ml heme and 50pM desferoxamine.

Subsequently, three independent protein extractions to prepare periplasmic and 

cytoplasmic fractions were collected for each o f these two heme growth conditions. 

Bacterial lawns were harvested for protein extraction from growth on different GC agar 

batches with incubation on separate occasions and protein extractions performed on different 

days.

3.2.3 Verification of Periplasmic Protein Extraction Preparations

Each periplasmic protein extraction and the corresponding cytoplasmic protein 

extraction were analyzed by ID SDS-PAGE. Protein profiles o f the periplasmic and 

cytoplasmic fractions were distinctly different from each other as well as from an H. ducreyi 

outer membrane preparation (Figure 6).

To ensure that each periplasmic protein extraction was enriched for periplasmic 

proteins, Western immunoblots were performed probing cell fractions with an antibody 

against H. ducreyi SodC, a protein localized in the periplasmic space [202,203]. An 

immunoreactive band was present in both periplasmic and cytoplasmic fractions. A 

representative experiment is depicted in Figure 6. Identical results were obtained from all 

the protein extractions. The presence of SodC in the cytoplasmic fraction likely arises from 

contamination o f the cytoplasmic fraction during the isolation protocol or from identification 

in the cytoplasm of the newly synthesized protein prior to its export to the periplasmic space. 

Evidence supporting the latter explanation arises from the observation that the cytoplasmic 

hHBP-specific immunoreactive bands were only present if  H. ducreyi was grown under 

heme-limiting conditions when hHBP expression would be maximal. Western immunoblots 

probed with an antibody against H. ducreyi OMPs indicated no outer membrane protein
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Figure 6. Western immunoblot detection of SOD-C and OMPs in periplasmic, 
cytoplasmic, and outer membrane protein profiles of H. ducreyi 35 000 grown under 
heme-limiting and heme-replete conditions.

Overnight bacterial lawns of H. ducreyi 35 000 grown on GC agar supplemented with either 
lOOpg/ml (H-R) or 15pg/ml (H-L) heme and 50pM desferoxamine were collected and 
subjected to periplasmic (P) and cytoplasmic (C) extraction using the chloroform method. 
The outer membrane (OMP) protein extraction was performed from H. ducreyi 35 000 
grown on GC agar supplemented with 50pg/ml heme and 50pM desferoxamine. Two 
micrograms o f each protein sample were separated by a 10% SDS-PAGE gel (A) followed 
by transfer to nitrocellulose (B). The immunoblot was probed with antiserum against SodC 
(left) and OMPs (right). The immunoreactive band representative o f the (~22kDa) SodC 
protein is indicated by a filled arrow. Molecular mass standards are indicated in kilodaltons 
(kDa).
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contamination o f the periplasmic fractions (Figure 6B). The presence o f outer membrane 

proteins in the cytoplasmic extracts was likely the result of contamination from pelleted 

membrane proteins. Therefore, these results indicate that the chloroform extraction method 

produced preparations enriched for periplasmic proteins with no discemable contamination 

from outer membrane proteins.

Desalting the six periplasmic extraction samples required for 2D gel analysis did not 

significantly alter the ID SDS-PAGE protein profiles (Figure 7).

3.3 Identification o f Periplasm ic Proteins w ith Upregulated Expression Under 
H em e-lim iting Conditions by 2D Gel Analysis

Each o f the three periplasmic extraction samples collected from H. ducreyi grown 

under heme-limiting conditions was analyzed in conjunction with corresponding periplasmic 

extraction samples collected from H. ducreyi grown under heme-replete conditions. For each 

pair, two separate 2D gel experiments were performed resulting in a total o f six pairwise 

comparisons with a total o f twelve 2D protein profiles.

By pairwise comparisons of 2D gel protein profiles, four proteins consistently 

exhibited differential expression under heme-limiting conditions compared to heme-replete 

conditions (Figure 8, Appendix I). Using MALDI tandem mass spectroscopy and MASCOT, 

these four protein spots were identified as elongation factors G, Tu, P and an iron (chelated) 

ABC transporter periplasmic binding protein. The latter had significant amino acid 

homology (73%) to YfeA, a periplasmic binding protein from Y. pestis involved in iron 

acquisition [204,165], Net intensity analysis demonstrated that the expression o f the 

elongation factors G and P was varied under heme-limiting conditions with only half the gel 

comparisons demonstrating upregulation (Figure 8B, Appendix IB). The expression of
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Figure 7. Comparison of desalted and non-desalted periplasmic protein profiles of H. 
ducreyi 35 000 grown under heme-limiting or heme-replete conditions.

Periplasmic protein profiles from H. ducreyi 35 000 grown under heme-limiting (1,3,5) or 
heme-replete (2,4,6) conditions and extracted using the chloroform method. Periplasmic 
protein samples were desalted (D) with Pierce spin columns and lOpg o f each sample was 
separated by a 12% SDS-PAGE gel and stained with Coomassie. Each periplasmic 
extraction is paired with its desalted counterpart on the SDS-PAGE gel. Molecular mass 
standards are indicated in kilodaltons (kDa).
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Figure 8. H. ducreyi 35 000 periplasmic proteins upregulated under heme-limiting
conditions.

2D gel comparison of chloroform extracted periplasmic proteins of H. ducreyi 35 000 grown 
under heme-replete conditions (100pg/ml heme plus 50pM desferoxamine) (A) and heme- 
limiting conditions (15pg/ml heme plus 50pM desferoxamine) (B). Ten micrograms o f each 
protein sample was rehydrated onto 7cm IPG strips, pH 3-10 and separated in the 1st 
dimension (pi) for 28 903Vhrs. The 2nd dimension (kDa) was resolved by a 10% SDS- 
PAGE and stained with SYPRO Ruby. Circled protein spots were identified by MALDI 
tandem mass spectroscopy and MASCOT to be elongation factors G; MW: 77 kDa (1), Tu; 
MW: 43.4kDa (2), and P; MW: 20.7kDa (3) and an iron (chelated) periplasmic binding 
protein; MW: 33.2kDa (4) of H. ducreyi 35 000. Changes in net intensity o f each protein 
spot circled determined by PDQuest are listed in the table with ('[') indicating an upregulation 
in protein expression under heme-limiting conditions Molecular mass standards are indicated 
in kilodaltons (kDa). Trial 2 experiments were performed on July 7, 2005.
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Periplasmic Protein Sample 1 -  Trial 2 Periplasmic Protein Sample 2 -  Trial 2

Protein Spot # Net Intensity Change in Net 
IntensityGel A Gel B

1 709 1952 t 1293

2 1982 3119 t 1137

3 115 275 t 160

4 590 1073 t 483
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elongation factor Tu and the iron (chelated) periplasmic binding protein was consistently

upregulated under heme-limiting conditions (Figure 8B, Appendix IB).

3.4 Identification o f an Iron (chelated) ABC Transporter Periplasm ic B inding  
Protein

The molecular mass o f the H. ducreyi putative iron (chelated) periplasmic binding 

protein calculated from 2D gels was approximately 30kDa and is similar to other 

characterized periplasmic binding proteins (Figure 8, Appendix I) 

[123,160,163,165,167,205], This H. ducreyi protein was designated hHBP -  H. ducreyi 

heme-dedicated periplasmic binding protein. Matching the peptide mass fingerprint o f hHBP 

against the sequenced genome o f H. ducreyi facilitated the identification o f the responsible 

gene as HD 1816 (Figure 9). The 906bp coding sequence predicted a protein with a 

molecular weight (MW) o f 33 240 consisting o f 302 amino acids (aa) and has been classified 

as a solute-binding protein [206]. hHBP was paralogous to another H. ducreyi gene, ZnuA, 

that encodes a periplasmic binding protein involved in zinc transport. The top fourteen 

Position Specific Iterated BLAST (PSI-BLAST) protein sequence alignments indicated that 

hHBP was 88% similar (residues 1-298) to the periplasmic adhesin component of a metal ion 

transport system in Actinobacillus pleuropneumoniae (Figure 10). Interestingly, hHBP was 

75% similar (residues 10-293) to an iron (chelated) ABC transporter periplasmic binding 

protein in H. influenzae and 73% similar (residues 23-293) to YfeA, a periplasmic binding 

protein in Y. pestis. NCBI conserved domain search indicated that hHBP belongs to the 

TroA superfamily of periplasmic metal binding proteins (data not shown).

Using the PSORT tool, a predictor o f signal sequences and cellular localization sites, 

the N-terminus o f hHBP appeared to be a typical signal sequence, i.e., two positively charged 

residues followed by a hydrophobic stretch (Figure 9)[207]. The predicted cleavage site of
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Figure 9. Protein sequences and characteristics of a putative heme transport operon.

H. ducreyi 35 000 hHBP (HD1816) is flanked by three open reading frames (ORFs) in a 
putative operon encoding a carrier-transport protein (ORF-1; HD1814), a desulfoviridin 
gamma subunit (ORF-2; HD1815), and an ATP-binding protein (ORF-3; HD1817). The 
portion o f the hHBP protein sequence highlighted in green identifies the periplasmic signal 
sequence predicted to be cleaved resulting in a mature protein ~31kDa. The intergenic 
region located directly upstream of HD1814 contains the only putative promoter region o f 
this operon. Both the -10  and -35 promoter regions are highlighted in blue. The gene 
directly downstream of hHBP encodes HD1817 with Walker A, Walker B, and signature 
motifs highlighted and underlined in red.
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Intergenic region 
(IGR1339):

AGCTAGCGCGGAAAGGT
AAAAATTCAGTTTATTTA
GTGTATCACAGTACTCA
ACAATCAGCT ATTGCTCG
CT AAATTT AATCCT AT AC
ATTCTTTAAAAACGACTA
ATTT ACACTTGATTTATG
GGATTTTGTCCATATATA
GCTTATAATTTTCGAGC
TTT ATCATT AAAGAGGA
AACAAA

(HD1815):

Gene length: 112aa; Protein size: 12.8kDa

MHMTECNGKQYLTDPTGYLLNLNDWSTE 
LAIAIASKEQINLTEEHWEIIW 
L VRDFYQEYKTSP AIRML VKAMTLKF GEE 
KGN SRYLQRLFPEGP AKQ ATK 
IAGLPKPIKCLStop

1

ORF-1 ORF-2

(HD1814):

Gene length: 222aa; Protein size: 23.75kDa

MENRLIANT AHNQSLLSTHK VLRNTYLLLSMTLAF
S AIVAYFAMAMNAPALPWWGLLIGFY GLLFLTNT
NANSAIGLACVFALTGFLGYTLGPILNRYVGAGLG
DAVMLALASTALVFFSCSAYILTTKKDMSFLSGM
MMALFIVLLVGVIANIFLAIPALSLAMSVLFALFST
GAILLTTSNIIHGGETNYIRATVDLYVSLYNLFLSL
LQIFGVLSKDDStop

hHBP (HD1816):

Gene length: 302aa; Protein size: 33.24kDa
Mature Protein size: 30.86kDa

MNLSFLKKTLIIACAMGTTVAIAAPFKWTTFTV
IQDIAQNVAGDKAIVESITKPGAEIHDY QPTPKDIV
KAQKADLILQNGMNLERWFERFFENVKNTPAW
VTEGIQPIAILEGEYKNLPNPHAWMSSANALQYIE
NIRAALVKYDPENAVSYNQNAKAYAEKIKAISEPL
RQRLSVIPEKQRWLVTSEGAFSYLAQDYGLQELYL
WPINAEEQGSPQQVRKVIDGVKANHIPVWSESTV
SDKPAKQVAKETGALYGGVLYVDSLSTKEGPVPT
YLDLLKVTISTIVDGFEASKKEPKStop

ORF-3

(HD1817):

Gene length: 253aa; Protein size: 27.83kDa

MNNITQATASISVDKLTVRYNNGHLALENVSFQL 
QHGTVC ALIG V N G GG KSTLFKSLMGL VKPLTGO 
VLLNQMPIQKALKQNLVSYVPQSEEVDWQFPVSV 
YD WMMGRY GYMNFLRNPS ALDKQKVEQ AMQR 
VDISHLQHRQIGELSGGOKKRVFLARALAOESOII 
LLDEPFTGVDVKTENAIVALLOOLRSEGHLVLVST 
HNLNSVSSFCDQVLMINRTLLASGPTATTFNHQNL 
EKWGGIVHYLQASStop
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Figure 10. Amino acid sequence alignments of hHBP with homologous proteins from 
PSI-BLAST search analysis.

PSI-BLAST search with the protein sequence of hHBP used for alignment with the fourteen 
most homologous proteins. The dots represent the amino acids that are identical to the 
aligned residues in the query sequence; dashes are used to symbolize gapped sequences. A 
ABC-type metal ion transport system periplasmic component/surface adhesin B Iron- 
chelated ABC transporter periplasmic binding protein.
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hHBP
H a e m o p h i l u s  d u c r e y i A  

A c t i n o h a c i l l u s  p l e u r o p n e u m o n i a e A 
P a s t e u r e l l a  m u l t o c i d a A 
Y e r s i n i a  m o l l a r e t i i  ATCC 4 3 9 6 9 A 
Y e r s i n i a  i n t e r m e d i a  ATCC 2 9 9 0 9 A 
Y e r s i n i a  f r e d e r i k s e n i i  ATCC 3 3 6 4 1 A 
H a e m o p h i l u s  i n f l u e n z a e  R d  KW2 0B 
H a e m o p h i l u s  i n f l u e n z a e  R2 84  6 A 
A c t i n o h a c i l l u s  a c t i n o m y c e t e m c o m i t a n ^  
P h o t o r h a b d u s  l u m i n e s c e n s  -  Y f e A  
H a e m o p h i l u s  s o m n u s  12  9 P T 6 
E r w i n i a  c a r o t o v o r a E 
Y e r s i n i a  b e r c o v i e r i  ATCC 4 3 9 7 0 A 
Y e r s i n i a  p s e u d o t u b e r c u l o s i s  -  Y f e A  
Y e r s i n i a  p e s t i s  -  Y f e A  
Y e r s i n i a  p s e u d o t u b e r c u l o s i ^

1 MN LS FLKKTLI IACAM G T T V A I A - A P  F K W TT F T VI QD IA Q N VA G  4 4
1 ................................................     4 4
1 . K  Q V F W . L G L --------- S A . L . M . - . . ................................   4 4
2 2  . K ................................   4 2
53  ......................I .............................  7 1
2 5 ------------------ . . F T L V . F ---------S S V I S . S - . SAENKPSDADKK. . I ............. I ............................. 7 1
7 6  . . I .............. I .............................  94
7 I M T . L . L ------- . L F A M Q . N . K ................................   4 2
1 5  - K ................................   3 5
3 - L A .  . V S I L . L -------- S L S S S L . Y . K ------------------------------------------ I . . . M .................  4 2
3 1 -----------------------------------------------------. S A . - K Q ------------------------ ----------------- I .............................  5 5
15  . K ................................   3 5
8 . P A . FRRVALP . . L L L L A N . SAQA. - E K ---------------------------------------------- .................. I . .  53
53  ......................I .............................  7 1
5 0  . - K K ---------------------------------------- I ....................... I . .  7 1
5 1  . - K K ---------------------------------------- I ....................... I . .  72
3 9  . - K K ---------------------------------------- I ....................... I . .  6 0

hHBP
H. d u c r e y i
A .  p l e u r o p n e u m o n i a e
P .  m u l t o c i d a
Y.  m o l l a r e t i  ATCC 4 3  9 6 9
Y. i n t e r m e d i  ATCC 2 9 9 0 9
Y. f r e d e r i k s e n i i
H. i n f l u e n z a e  R d  KW2 0
H. i n f l u e n z a e  R 2 8 4 6
A .  a c t i n o m y c e t e m c o m i t a n s
P .  l u m i n e s c e n s  -  Y f e A
H.  s o m n u s  12 9 P T
E.  c a r o t o v o r a
Y.  b e r c o v i e r i  ATCC 4 3  9 7 0
Y. p s e u d o t u b e r c u l o s i s  -  Y f e A
Y. p e s t i s  -  Y f e A
Y. p s e u d o  t u b e r c u l o s i s

4 5  DKAIVESITKPGAEIHDYQPTPKDIVKAQKADLILQNGMNLERWFERFFENVKNTPAVW 1 0 4

4 5 V.  . A w ............ G K . . . . 1 0 4
43 A ............ E . H . .V w . L .  . . . . . . K . ............ D K . . . . 1 0 2
72 . A V .  . R R w . . . I . D V . S . . 1 3 1
72 . A V .  . R R w . . . I . D V . S A . 1 3 1
95 , A . R . R w, . . . I . D V . S A . 1 5 4
4 3 N A T .  . . . . E . E . S w . L .  . . . Q.  . .D K .  . . . 1 0 2
36 N A T .  . . . . E . E . q w . L .  . . . Q.  . .D K .  . . . 9 5
43 A T.  . ............ E . q . .V w . L . . . . . . . K . . Q . . . D K . . . . 1 0 2
5 6 . A , T R H w . L .  . . . . . L . D V . . . . ] 1 1 5
3 6 . A V.  . . . E . . . ............ E . ■ o . R . . V w, . TQ.  .D K .  . . . 9 5
54 . A T .  . .R . T R Q . v w. . . . T . . ................V .  . A . 1 1 3
72 . A V .  . .R . R w. . . . I . D V . S A . 1 3 1
72 V V.  . .R . R w . . . . K . . . S I . D V . S A . 1 3 1
73 , V V.  . . R . R w. . . . . K . . . S I . D V . S A . 1 3 2
6 1 V V.  . , R . R w . . . . K . . . S I . D V . S A . 1 2 0
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F i g u r e  10  c o n t ' d .

hH BP 1 0 5
H. d u c r e y i  1 0 5
A .  p l e u r o p n e u m o n i a e  1 0 5
P .  m u l t o c i d a  1 0 3
Y.  m o l l a r e t i  ATCC 4 3 9 6 9  1 3 2
Y. i n t e r m e d i  ATCC 2 9 9 0 9  1 3 2
Y.  f r e d e r i k s e n i i  1 5 5
H .  i n f l u e n z a e  R d  KW20 1 0 3
H. i n f l u e n z a e  R 2 8 4 6  9 6
A .  a c t i n o m y c e t e m c o m i t a n s  1 0 3
P.  l u m i n e s c e n s  -  Y f e A  1 1 6
H. s o m n u s  1 2 9 P T  96
E.  c a r o t o v o r a  1 1 4
Y.  b e r c o v i e r i  ATCC 4 3 9 7 0  1 3 2
Y.  p s e u d o t u b e r c u l o s i s  -  Yf e A  1 3 2
Y. p e s t i s  -  Y f e A  1 3 3
Y. p s e u d o t u b e r c u l o s i s  1 2 1

h H BP  1 6 5
H. d u c r e y i  1 6 5
A .  p l e u r o p n e u m o n i a e  1 6 5
P.  m u l t o c i d a  1 6 3
Y . m o l l a r e t i  ATCC 4 3 9 6 9  1 9 2
Y.  i n t e r m e d i  ATCC 2 9 9 0 9  1 9 2
Y.  f r e d e r i k s e n i i  2 1 5
H .  i n f l u e n z a e  R d  KW20 1 6 3
H. i n f l u e n z a e  R 2 8 4 6  1 5 6
A .  a c t i n o m y c e t e m c o m i t a n s  1 6 3
P .  l u m i n e s c e n s  -  Y f e A  1 7 6
H. s o m n u s  1 2 9 P T  1 5 6
E.  c a r o t o v o r a  1 7 4
Y.  b e r c o v i e r i  ATCC 4 3 9 7 0  1 9 2
Y.  p s e u d o t u b e r c u l o s i s  -  Y f e A  1 9 2
Y.  p e s t i s  -  Y f e A  1 9 3
Y.  p s e u d o t u b e r c u l o s i s  1 8 1

TEGIQPIAILEGEYKNLPNPHAWMSSANALQYIENIRAALVKYDPENAVSYNQNAKAYAE 1 6 4
1 6 4

. T . . . . T . . K.  . E ............ . . I 1 6 4
• T . . S . Y . . P . . D A . . . . . . . T S . . I . . . . KN.  . . . . . K . . D I . V K . . EN • N 1 6 2

D. . T . L P . R . . P . T G I . . . . . . .  P S . . I . . . . . K .  . EH. . A H . D T . . R . . . 1 9 1
D. . T . L P . R . . P . . G I . . . . . . . P S . . I . . . . . K.  . EH. . A H . E T . . R . . . . . . 1 9 1
D. . T . L P . R . . P . . G I . . . . . . .  P S . . I . . . . . K.  . EH. . A H . E T . . R. . . T 2 1 4

. . . L S . Y . . P . . D A . . . . . . .  P S . . I .  . . . KN.  . . . . . Q . . A V. E K. . AD -Q 1 6 2

. . . L S . Y . . P . . D A . . . . . . .  P S . . I .  . . . KN.  . . Q . . A V . E K . . AD • Q 1 5 5
. . . E . MS . H . . P . TGN. . . . . . .  P S . . I . V. . KN.  . . Q . K E T . E K . TAL IQ 1 6 2
D. . E . L P . R . . P . NGN. . . . . . . P T . . I . . . . . Q . F . K . T E T . . K . 1 7 5
K. . D . . S . Y . . P . . GM. . . . . . . T K . . V .  . . . . E .  . . K . . D T . . A . D 1 5 5

• T . L P . R . . A . N G N . . . . . . .  P S . . I . . . . . KG. QA. . A . . E T . . R . 1 7 3
N. . T . L P . R . . P . E G I A . . . . . .  P S . . I . . . . . K.  . EH. . A H . E T . . R . 1 9 1
A. . T . L P . R . - P . S G I A . . . . . .  P S . . I . . . . . K .  . EH. . A H . E T . . R . • Q. 1 9 1
A. . T . L P . R . . P . S G I A . . . . . .  P S . . I . . . . . K .  . EH. . A H . E T . . R . • Q. 1 9 2
A. - T . L P . R . . P . S G I A . . . . . . P S . . I . . . . . K .  . EH. . A H . E T . . R . . Q. 1 8 0

KIKAISEPLRQRLSVIPEKQRWLVTSEGAFSYLAQDYGLQELYLWPINAEEQGSPQQVRK 2 2 4
................................................................................................................................................................................  2 2 4

V.  . . A ................................. A .....................................................Q . K  A  K .  2 2 4
. QLDQ. . . E K . A K .  . . G ...........................................K .................A ................................T ..............H 2 2 2

A . L D A .  . . E .  . . R .  . A E ...........................................K.  . . . K . V ....................D .............................R 2 5 1
A . L D A .  . . E .  . . R .  . A Q ...........................................K . . . F K . V ..................................................... R 2 5 1
A . L D A .  . . E .  . . R .  . . E ...........................................K . . . F K . V ..................................................... H 2 7 4
. QLD . . . . A K . A Q .  . . A ...........................................K.  . N . K . G .......................Q .  . T .................  2 2 2
. Q L D . . . . A K . A Q .  . . A ...........................................K.  . N . K . G ....................... Q .  . T ................. 2 1 5
. E LD Q .  . . E K . A Q V .  . A ...........................................R .  . . F K . A .......................Q .  . T .................  2 2 2

AQLDS.  . . E .  . . R .  . Q D ...........................................K . . Q F K . V ..................................................... H 2 3 5
V . L D A .  . . A E . E K V . A S ...........................................H .  . . F K  T . K . I K N  2 1 5
. . LDA.  . . E .  .A R .  . . Q ...........................................K.  . Q F N . V ....................D  R 2 3 3

A . L D A . . . E . . . R . . A E L ........................................K . . . F K . V ....................D . . . T .................R 2 5 1
. .L D A .  . . E . . . R . . A E ...........................................K . . . F K . V .......................Q . . I  H 2 5 1
. . L DA .  . . E .  . . R .  . A E ...........................................K.  . . F K . V .......................Q .  . 1  H 2 5 2
. . L DA .  . . E . . . R . . A E ........................................... K . . . F K . V .......................Q . . I  H 2 4 0
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F i g u r e  10  c o n t ' d .

hHBP 2 2 5
H. d u c r e y i  2 2 5
A .  p l e u r o p n e u m o n i a e  2 2 5
P.  m u l t o c i d a  2 2 3
Y.  m o l l a r e t i  ATCC 4 3 9 6 9  2 5 2
Y.  i n t e r m e d i  ATCC 2 9 9 0 9  2 5 2
Y.  f r e d e r i k s e n i i  2 7 5
H.  i n f l u e n z a e  R d  KW20 2 2 3
H. i n f l u e n z a e  R2 84  6 2 1 6
A .  a c t i n o m y c e t e m c o m i t a n s  2 2 3
P .  l u m i n e s c e n s  -  Y f e A  2 3 6
H. s o m n u s  1 2 9 P T  2 1 6
E.  c a r o t o v o r a  2 3 4
Y.  b e r c o v i e r i  ATCC 4 3 9 7 0  2 5 2
Y. p s e u d o t u b e r c u l o s i s  -  Y f e A  2 5 2  
Y.  p e s t i s  -  Y f e A  2 5 3
Y.  p s e u d o t u b e r c u l o s i s  2 4 1

hHBP 2 85
H. d u c r e y i  2 85
A .  p l e u r o p n e u m o n i a e  2 85
P .  m u l t o c i d a  2 8 3
Y. m o l l a r e t i  ATCC 4 3 9 6 9  3 1 2
Y. i n t e r m e d i  ATCC 2 9 9 0 9  3 1 2
Y. f r e d e r i k s e n i i  3 3 5
H. i n f l u e n z a e  R d  KW2 0 2 83
H. i n f l u e n z a e  R 2 8 4 6  2 7 6
A .  a c t i n o m y c e t e m c o m i t a n s  2 83
P .  l u m i n e s c e n s  -  Y f e A  2 9 6
H. s o m n u s  1 2 9 P T  2 7 6
E .  c a r o t o v o r a  2 94
Y. b e r c o v i e r i  ATCC 4 3 9 7 0  3 1 2
Y. p s e u d o t u b e r c u l o s i s  -  Y f e A  3 1 2  
Y. p e s t i s  -  Y f e A  3 1 3
Y. p s e u d o t u b e r c u l o s i s  3 0 1

VIDGVKANHIPWFSESTVSDKPAKQVAKETGALYGGVLYVDSLSTKEGPVPTYLDLLKV 2 84
............................................................................................................................................................................. 2 8 4
............... N .................................................................................................................. D . A ............................. 2 8 4
E T . R K . N ........................ I ............................................K ...................................A K ...............I . . . NT 2 8 2
. T I R . . K . . . I  I ..................... S .................................................. N E K.................I . . I N T  3 1 1
. T M R . . K . . . I ............ I ......................... S ..............Q ................................N E K...............I  . . I NT 3 1 1
. T M R . . K . . . I ............ I ......................... S ..............Q ................................N E K...............I  . . I NT 3 3 4
■ L . R K . N .........................I . A . . . Q ................ S . . K ................................A . N ...............I . . . N .  2 82
. L . R K . N .........................I . A . . . Q ................ S . . K ................................A . N ...............I . . . N .  2 7 5
ET.  . . . N .........................I . P ..................................... K ................................GAK...............I   2 8 2
- T . R . . K .........................I ....................... S . . . D . R .................................. G S S ...............I . . . N K  2 95
KK.REHK.........................I ................................... N . K .......................................D . K .  . . . 1 .  . . N .  2 7 5
• T .R E K A .........................I .......................S ..............K ................................... E K .................I . . . Q .  2 9 3
. T M R . . K . . . I .............I ......................... S ..............Q ................................N E K...............I . . I NT 3 1 1
. I  I RE . K .........................I ......................... S ..............Q ................................GEK...............I S . INM 3 1 1
. I  I RE . K .........................I ......................... S ..............Q ................................GEK...............I S  . INM 3 1 2
. I I R E . K .........................I ......................... S ..............Q ................................GEK...............I S  . INM 3 0 0

T I S T IV D G F E A S K K E P K 3 0 1
3 0 1

............... K.  . . 2 9 8
. V .  . . . K . . . 2 9 2
.VQ. .A K.  . 3 2 0
.V Q. . A K.  . 3 2 0
.VQ. . A K .  . 3 4 3
. V .  . . . K .  . 2 9 1
. V .  . . . K .  . 2 8 4
. V .  . . A K . . . 2 9 2
. VD. .A K .  . 3 0 4
. V .  . . . N . . K 2 8 5
. V E . .A K .  . 3 0 2
.VQ. .A K .  . 3 2 0
. VD. .A K .  . 3 2 0
. VD. . A K .  . 3 2 1
. VD. . A K .  . 3 0 9
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the signal sequence between residues 23 and 24 would result in a mature protein ~31 000 

MW and 278aa in length that localized to the periplasmic space. The predicted MW of the 

mature protein corresponded to the size of hHBP determined from 2D gel analysis (Figure 8, 

Appendix I). PSORT results were confirmed experimentally with periplasmic, cytoplasmic, 

and outer membrane preparations from H. ducreyi 35 000 run on ID SDS-PAGE followed 

by Western immunoblots probed with anti-hHBP polyclonal antiserum (Figure 11B). An 

immunoreactive band o f ~31 000 MW was present in all periplasmic samples with only weak 

immunoreactive bands present in cytoplasmic samples from H. ducreyi 35 000 grown under 

heme-limiting conditions. O f note, the expression o f hHBP was upregulated in periplasmic 

protein samples collected from H. ducreyi grown under heme-limiting conditions compared 

to those grown under heme-replete conditions.

Three open reading frames flanked the hHBP gene indicated by ORF-1, 2, and 3 

(Figure 9). A potential promoter region was located immediately upstream of ORF-1 

preceded by a well conserved Shine-Dalgamo sequence appropriately spaced from the 

initiation codon. No associated Fur binding site, typical o f iron-regulated genes, was 

detected. The translational start codon o f hHBP and ORF-3 overlap indicating that these 

proteins are translationally coupled. An inverted repeat, indicating a possible site for 

transcriptional termination, was found 45bp downstream of the ORF-3 stop codon [208]. 

The predicted ORF-1 product revealed that this protein contains six possible membrane- 

spanning segments and is classified as an inner-membrane protein as predicted by the 

PHDhtm algorithm and PSORT [208,209]. ORF-1 had the highest homology to other 

membrane carrier or transport proteins including Erwinia carotovora (65%; residues 3-220), 

S. flexneri (61%; residues 2-220), E. coli (61%; residues 3-220), H. somnus (64%; residues 

3-220), and Pasteurella multocida (63%; residues 1-221). Little is known about the role o f
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Figure 11. Cellular localization and mature protein size of hHBP in H. ducreyi 35 000.

All six periplasmic and corresponding cytoplasmic extractions from H. ducreyi 35 000 
grown under heme-limiting (1,3,5) and heme-replete (2,4,6) conditions used for 2D gel 
identification o f upregulated periplasmic proteins along with an outer membrane protein 
extraction (OMP) collected from H. ducreyi 35 000 grown on GC agar supplemented with 
50pg/ml heme and 50pM desferoxamine were separated by a 12% SDS-PAGE gel and 
stained with Coomassie (A). Affinity-purified rhHBP was loaded as a positive control for 
the immunoblot detection. A Western immunoblot (B) was performed probing with rabbit 
polyclonal antiserum against rhHBP. The arrow indicates the ~31kDa mature hHBP protein 
band. Molecular mass standards are indicated in kilodaltons (kDa).
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the putative membrane carrier or transport proteins homologous to ORF-1. When 

interrogating the genomes o f the organisms listed above, the gene immediately downstream 

of the homologous membrane carrier or transport proteins encoded a predicted desulfoviridin 

gamma subunit (DGS). This was also observed in H. ducreyi 35 000 strain with the ORF-2 

proposed to encode a putative DGS showing high homology to the DGS o f Actinohacillus 

pleuropneumoniae (80%) and o f H. influenzae (67%). The DGS protein encoded by ORF-2 

is a member o f the dissimilatory sulphite reductase family, DsrC [210]. Typically, this 

protein is found in sulfate-reducing bacteria possessing dissimilatory sulfite reductases 

comprised of three subunits: alpha, beta, and gamma. In these bacteria, the gene encoding 

DGS, dsvC, is not transcriptionally coupled with the other two subunits and is found 

downstream [211]. Desulfoviridin-type sulfite reductases were originally described to 

consist of a heterodimer o f alpha and beta subunits; however, recent studies have indicated 

that the third gamma or DGS subunit forms a multimer with the alpha and beta subunits 

[212]. In addition, the DGS is only loosely associated with the sulfite reductase enzyme 

complex and is thought to possibly be involved in the assembly, folding or stabilization of 

sirohaem proteins in sulfite reductase lacking bacteria such as E. coli, and H. influenzae [211, 

213]. The predicted ORF-3 product encodes a protein exhibiting homology to the ATP- 

binding component o f an ABC transporter system and contains the two Walker motifs 

(Walker A 13-GVNGGKST- 22 and Walker B 163-DEPF-166) that have been identified in 

all nucleotide-binding proteins [214]. A third linker motif (139-LSGGQ-143) that typically 

precedes the Walker B motif is also present and is thought to be essential for transmembrane 

solute transport; although, the exact role of this sequence remains unclear [146].
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3.5 C loning o f hH BP into a pET Vector and Protein Purification

3.5.1 Cloning of hHBP Gene into the pET151/D-TOPO® Vector

The gene encoding the hHBP protein was cloned into the pET151/D-TOPO® vector 

and maintained in E. coli TOP 10 cells. Positive transformants were analyzed for 

recombinant plasmids by colony PCR amplification and sequencing o f the plasmid inserts to 

confirm that the hHBP gene was in-frame and in the correct orientation (data not shown). 

The size o f the recombinant plasmids was determined by agarose gel electrophoresis. 

Plasmids carrying a 6700bp insert (pET151 vector: 5760bp; hHBP insert: 940bp)(Figure 12, 

lane 3) were designated pET151-hHBP and were introduced into BL21 Star™ (DE3) E. coli 

cells for recombinant protein expression. Upon IPTG induction, the recombinant protein 

(rhHBP) was expressed predominantly in the remaining pellet fraction o f E. coli (Figure 

13A). The remaining pellet fraction included all proteins in the pellet following either 

periplasmic and cytoplasmic extraction or removal o f the soluble protein fraction. The 

calculated mass o f the recombinant fusion protein was 37.24kDa (N-terminal fusion tag: 

4kDa; hHBP: 33.24kDa) as demonstrated on SDS-PAGE gel with a protein band ~37kDa. 

Little difference was seen between the IPTG-induced and un-induced remaining pellet 

fractions (Figure 13 A). Sample loading of this gel was based on volume (lOpl) and not on 

protein concentration in the fraction. However, a six-hour IPTG induction time-course 

experiment demonstrated an increase in rhHBP protein expression in the presence o f IPTG as 

compared to the absence o f IPTG induction (data not shown).

As hHBP is proposed to reside in the periplasmic space, the protein would be 

expected to appear predominantly in the soluble fraction of E. coli. However, as hHBP is a 

heterologously expressed protein in E. coli, the proper export of hHBP to the periplasm may 

be dependent on the presence o f a native signal sequence. As seen from periplasmic and
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Figure 12. Positive transformants were analyzed for the correct recombinant pET151- 
hHBP by plasmid size determination.

Plasmid DNA was extracted from TOP 10 E. coli cells o f positive transformants, resolved by 
a 0.8% agarose gel, and stained with ethidium bromide. The positive TOPO® cloning 
control plasmid (1) had an expected size of 6510bp (pET151 vector: 5760bp; control insert: 
750bp); the pET vector alone (2) was represented by a 5760bp band; the pET151 vector plus 
hHBP insert plasmid (3) had an expected size o f 6700bp (pET151 vector: 5760bp; hHBP 
insert: 940bp). Molecular mass standards are indicated in basepairs (bp).
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Figure 13. Expression of rhHBP in BL21 Star™ (DE3) E. coli cells.

A: Crude soluble protein extractions and remaining pellet samples were prepared from BL21 
Star™ (DE3) E. coli cells containing recombinant plasmid pET151-hHBP in the presence (I) 
or absence (U) o f IPTG induction. Ten pi o f each extract was separated by a 12% SDS- 
PAGE gel and stained with Coomassie. Positions o f protein markers in kilodaltons are 
shown on the left.
B: Twenty micrograms of periplasmic (P), cytoplasmic (C), and remaining pellet (Rp) 
fractions from IPTG induced B121 Star™ (DE3) E. coli cells containing the pET151-P-Gal 
control construct (expected fusion protein size: ~120kDa) or the pET151-hHBP construct 
were separated by a 12% SDS-PAGE gel and stained with Coomassie. Positions o f protein 
markers in kilodaltons are shown on the left. The filled arrow indicates the rhHBP protein 
bands and the hollow arrow indicates the recombinant fusion |3-Gal protein bands.
C: Various protein extracts from induced BL21 Star™ (DE3) E. coli were separated by a 
12% SDS-PAGE gel and stained with Coomassie (left). The following samples were applied 
to the gel: two micrograms o f periplasmic (P) and remaining pellet (Rp) extracts from E. coli 
cells containing pET151-hHBP; one microgram of crude soluble (S) and the remaining pellet 
fractions from E. coli cells with no plasmid (BL21), with pET151 vector only (BL21- 
pET151), and with the recombinant plasmid pET151-hHBP (BL21-pET151-hHBP); two 
micrograms o f affinity-purified rhHBP was loaded as a positive control for Western 
immunoblotting. Positions o f protein markers in kilodaltons are shown to the left o f the 
SDS-PAGE gel. The corresponding Western immunoblot was probed with rabbit polyclonal 
antiserum against rhHBP (right). The filled arrows represent the uncleaved rhHBP 
immunoreactive band (~37kDa) and the mature hHBP immunoreactive band (~31kDa). 
Positions o f protein markers in kilodaltons are shown on the left. The (*) indicates the 
~33kDa immunoreactive band.
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remaining pellet protein extractions o f BL21 Star™ (DE3) E. coli cells containing the 

pET151-hHBP construct, expression o f rhHBP was seen in all three cellular locations 

(Figure 13B). However, the majority o f the expression was present in the remaining pellet 

fraction. The protein band representing hHBP in the periplasmic fraction was the expected 

size o f the mature protein (~31kDa); rhHBP expressed in the remaining pellet and 

cytoplasmic fractions was the expected size o f the uncleaved fusion protein (~37kDa). This 

was reiterated in Western blots probing cellular fractions with the anti-hHBP polyclonal 

antiserum (Figure 13C). The pET151/D-TOPO® vector expression control expressed the 

recombinant fusion cytoplasmic protein P-Galactosidase (r(3-Gal). rP-Gal was mainly 

expressed in the cytoplasmic fraction as expected with no expression in the periplasmic 

space (Figure 13B). However, like rhHBP, the control rP-Gal also was present in the 

remaining pellet fraction.

In addition, the expression of rhHBP was specific for only BL21 Star™ (DE3) E. coli 

cells containing the pET151-hHBP construct as seen from Western immunoblots probing 

with anti-hHBP polyclonal antiserum (Figure 13C). There was an immunoreactive band 

~37kDa present in the remaining pellet protein fraction representative o f the uncleaved 

rhHBP protein and a band representative o f the mature hHBP (-31 kDa) in the soluble 

fraction (Figure 13C). Both BL21 Star™ (DE3) cells with or without the pET151 vector 

produced a faint immunoreactive band ~33kDa in the remaining pellet fractions. Recalling 

that the antibody against hHBP was produced with affinity-purified rhHBP with an intact 

fusion tag, the presence of this faint band was possibly due to the recognition o f a protein 

sequence in the uncleaved fusion tag. However, a much more intense same-size band was 

present in the remaining pellet fraction from BL21 Star™ (DE3) E. coli cells expressing the
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pET151-hHBP construct which could indicate that this immunoreactive band represents the 

uncleaved hHBP lacking the 4kDa fusion tag.

3.5.2 Purification of the Recombinant Fusion Protein

Metal affinity chromatography was used to purify the recombinant fusion protein, 

rhHBP. rhHBP was expressed predominantly in the insoluble fraction o f E. coli with the 

mature form of hHBP, following cleavage of the signal sequence, expressed in the soluble 

fraction. The fusion tag is located upstream of the signal sequence of the protein; therefore, 

hHBP in the soluble fraction would also lack a fusion tag making metal affinity 

chromatography purification impossible. Therefore, the Ni-NTA purification hybrid method 

o f protein purification was used to maintain protein activity for functional characterization of 

the protein. Cell lysates o f the remaining pellet protein fractions were prepared under 

denaturing conditions. However, elution was then performed using native buffers to re-fold 

the proteins in order to restore function. An excess o f imidazole was added to fusion-tagged 

proteins bound to the Ni ions o f the chromatography column to free the fusion-tagged 

proteins. rhHBP eluted mainly in the fractions containing 150, 200, and 250mM imidazole 

(Figure 14A). When elutions were applied to ID SDS-PAGE gel, two protein bands 

representative o f the rhHBP monomer (37.24kDa) and o f the rhHBP homodimer (~75kDa) 

were visualized. A Western immunoblot o f rhHBP eluted from the Ni-NTA column probed 

with an antibody against the fusion tag, anti-V5-HRP, demonstrated two immunoreactive 

bands representative o f the monomer and homodimer (Figure 14B). The additional 

immunoreactive bands present between the monomer and dimer are most likely higher order 

derivatives o f the rhHBP monomer with the proper V5 epitope present in the N-terminal 

fusion tag for antibody recognition.
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Figure 14. Recombinant hHBP was purified by metal immobilized affinity
chromatography using several concentrations of imidazole in the elution buffer.

IPTG induced BL21 Star™ (DE3) E. coli cells containing the pET151-hHBP construct were 
utilized to purify rhHBP. Proteins were extracted using Ni-NTA purification system’s 
hybrid method and eluted with native buffers containing increasing concentrations of 
imidazole. Aliquots o f elutions containing 150mM (1), 200mM (2), and 250mM (3) 
imidazole were separated by a 12% SDS-PAGE gel and stained with SYPRO Ruby (A). The 
corresponding Western immunoblot (B) was probed with the anti-V5-HRP antibody. The 
rhHBP monomer (~37kDa) and homodimer (~75kDa) are indicated by filled arrows. 
Molecular mass standards are indicated in kilodaltons (kDa).
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Furthermore, the identity o f the ~37kDa protein band visualized by SDS-PAGE was 

confirmed by MALDI tandem mass spectroscopy to be the iron (chelated) ABC transporter 

periplasmic binding protein o f H. ducreyi 35 000 identified previously by 2D gel analysis 

(data not shown).

3.5.3 Cleavage of the N-terminal Fusion Tag of rhHBP

The N-terminal fusion tag on the affinity-purified rhHBP would be expected to be 

cleaved at the TEV recognition site recognized by the AcTEV™ enzyme (Figure 2). 

However, the fusion tag could not be completely removed despite exhaustive trials in which 

the incubation time, incubation temperature, and ratio o f rhHBP to enzyme were varied 

(Figure 15). At 4°C incubation with 0.5U AcTEV™/pg protein, no obvious cleavage was 

demonstrated by ID SDS-PAGE gel (Figure 15A). Incubation at room temperature with 

0.5U AcTEV™/pg protein produced a small amount of cleavage product; however, a 

Western blot probing with anti-V5-F!RP antibody demonstrated no decrease in the amount of 

either the rhHBP monomer or dimer with increasing incubation time (Figure 15B). Although 

enzymatic removal o f the N-terminal fusion tag was enhanced during incubation at 3 CPC with 

4U AcTEV™/pg protein, the amount o f protein product remained insufficient for the 

subsequent experiments designed for functional characterization of the protein (Figure 15C). 

Overnight incubation with 4U AcTEV™/pg protein at room temperature or 3 CPC resulted in 

degradation o f the protein with little increase in the quantity o f cleaved protein (data not 

shown). Therefore, the affinity-purified rhHBP used for functional characterization and 

antibody production possessed the N-terminal fusion tag.

3.6 Specificity o f  the Polyclonal Antibody Against rhHBP

A polyclonal antibody directed against rhHBP was produced by immunization o f a 

rabbit with rhHBP possessing the N-terminal fusion tag. Affinity-purified rhHBP was
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Figure 15. Fusion tag cleavage trials of rhHBP with the AcTEV™ enzyme.

Affinity-purified rhHBP was incubated with the AcTEV™ enzyme over a time course of 6 
hours (as indicated above each lane). An aliquot from each timepoint was separated by a 
12% SDS-PAGE gel and SYPRO Ruby stained. Western blots were probed with the anti- 
V5-HRP antibody. Filled arrows indicate the monomer (~37kDa) and homodimer (~75kDa) 
of rhHBP. Open arrows indicate the AcTEV™ protease protein band (~27kDa). Protein 
bands highlighted with a (*) represent cleaved rhHBP (~33kDa). Molecular mass standards 
are indicated in kilodaltons (kDa).
A: 0.5U AcTEV™/pg rhHBP was incubated at 4°C.
B: 0.5U AcTEV™/pg rhHBP was incubated at room temperature.
C: 4U AcTEV™/jag rhHBP was incubated at 30°C. rhHBP represents an aliquot o f affinity- 
purified rhHBP prior to the addition of AcTEV™ enzyme.
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separated by ID SDS-PAGE and probed with several dilutions o f serum obtained from the 

terminal bleed. The appropriate dilution o f the antibody for Western immunoblotting was 

determined to be 1/8 000 (data not shown).

Serum was collected prior to the first immunization and prior to both booster 

injections. Western immunoblots probing affinity-purified rhHBP with serum collected at 

these timepoints demonstrated increasing antibody response to rhHBP after each 

immunization as reflected by increasing size and intensity o f the immunoreactive bands 

(Figure 16 A). The presence o f the faint immunoreactive bands between the rhHBP monomer 

and dimer were similar to those immunoreactive bands present in preparations o f affinity- 

purified rhHBP used to inoculate the rabbit as detected with the anti-V5-HRP antibody 

(Figure 14B).

No hHBP-specific immunoreactive bands were present when rhHBP was reacted 

either with pre-immune sera or with secondary antibody alone (Figure 16B). These results 

confirmed the specificity of the polyclonal antiserum against rhHBP. The immunoblot 

probed with pre-immune serum illustrated a lower molecular weight immunoreactive band 

ranging from 10 to 15 kDa in each whole cell lysate tested and was most likely representative 

o f an antibody in the rabbit prior to first immunization. When probing Western immunoblots 

o f cellular protein fractions o f H. ducreyi 35 000 (Figure 11 and 26), E. coli (Figure 13C), 

and clinical isolates o f H. ducreyi, H. influenzae, and Y. entercolitica (Figure 27) with the 

anti-hHBP polyclonal antiserum, immunoreactive bands >70kDa were present. As the 

affinity-purified rhHBP sample used to inoculate the rabbit for anti-hHBP polyclonal 

antiserum production contained the fusion tag, these immunoreactive bands likely represent 

proteins containing a sequence similar to that present in the fusion tag o f rhHBP. Further 

evidence supporting this conclusion is derived by the presence of similar immunoreactive
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Figure 16. Specificity of a polyclonal antibody against H. ducreyi hHBP.

A: One microgram of affinity-purified rhHBP was separated by a 12% ID SDS-PAGE gel 
followed by transfer to nitrocellulose. The blots were probed with serum collected prior to 
immunization (1), prior to the administrations o f the first (2) and the second (3) boosters, and 
at the terminal bleed (4). MM represents the molecular mass standards in kilodaltons.
B: Five micrograms whole cell lysate derived from H. ducreyi J1159, H. influenzae 70824, 
Y. entercolitica 73918, and BL21 Star™ (DE3) E. coli cells containing the pET151-hHBP 
construct were separated by a 12% SDS-PAGE gel followed by transfer to nitrocellulose. 
Blots were either probed with secondary antibody only (left) or with rabbit pre-immune 
serum (right). Molecular mass standards are indicated in kilodaltons (kDa). The rhHBP 
monomer (~37kDa) and homodimer (~75kDa) are indicated by filled arrows.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



kDa

100

A

SDS-PAGE Western Blot

pH

B

150 —

50 —

*
mmmm

i m Onm S
00o

00

Osmo

SDS-PAGE Western Blots

68

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

B
L

21
-

pE
T

15
1-

hH
B

P



bands >70kDa on Western blots o f E. coli cellular fractions probed with the anti-V5-HRP 

(data not shown).

3.7 Functional Characterization o f hH BP by H em e Agarose Binding

Prior to elution of heme agarose bound protein, wash fractions were collected, 

concentrated, and separated by SDS-PAGE. No proteins were seen in these fractions 

indicating that the rhHBP remained absorbed onto the heme-bound polysaccharide matrix 

until its elution (data not shown). These proteins were absent when the affinity resin alone 

was subjected to the affinity protocol indicating that the bound proteins were not degradation 

products or derivatives from the sepharose matrix (denoted as the negative control sample, 

NC, in subsequent experiments).

3.7.1 Specificity of hHBP

Concentrations ranging from 500ng to 10pg of affinity-purified rhHBP were 

incubated with a fixed amount (20pl) of heme agarose. Proteins bound to the heme agarose 

were eluted and separated by SDS-PAGE. Experiments were performed in triplicate. The 

affinity-purified rhHBP bound to heme agarose in a concentration dependent manner (Figure 

17).

3.7.2 Competitive Binding Assays

In the competition binding assays, a fixed concentration (lOpg) of affinity-purified 

rhHBP was pre-incubated with increasing concentrations o f ligand prior to heme affinity 

chromatography. In the presence o f a ligand that specifically bound the affinity-purified 

rhHBP, retention o f the rhHBP to the immobilized heme would be abolished in a 

concentration dependent manner. In contrast, no such binding inhibition would be expected 

when rhHBP was pre-incubated with a non-interacting ligand (Figure 18).
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Figure 17. Specificity of hHBP determined by heme agarose binding assay.

Affinity-purified rhHBP at the indicated concentrations was incubated with heme agarose for 
one hour. Bound protein was eluted with 2x sample loading buffer and 40pl o f each boiled 
sample was separated by a 12% SDS-PAGE gel and SYPRO Ruby stained. The arrows 
indicate the rhHBP monomer (-37 kDa) and the homodimer (~75kDa). NC represents the 
negative control in which no protein was incubated with the heme agarose.
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Figure 18. Competition Binding Assay

In the competition binding assay, lOpg of affinity-purified rhHBP ( 9 )  was pre-incubated 
with increasing concentrations o f ligand prior to binding a heme affinity column (
A: When pre-incubating with a ligand able to bind rhHBP ( | ), they interact leaving no 
protein able to bind the heme agarose; therefore, producing no protein band on SDS-PAGE 
gel-
B: When pre-incubating with a ligand unable to bind rhHBP ( ^ ^ ) ,  the protein is still able to 
bind the heme agarose; therefore, rhHBP will be eluted from the heme agarose resulting in a 
protein band on a SDS-PAGE gel.
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3.7.2.1 Heme Competition Binding Assays

The interaction o f rhHBP with the immobilized heme was specific as retention of 

rhHBP was diminished in a concentration dependent fashion (Figure 19). Experiments were 

performed in triplicate.

As histidine residues serve as axial ligands in heme binding, the possibility existed 

that the heme binding observed with rhHBP was mediated by the presence of the histidine 

residues present in the uncleaved N-terminal fusion tag [143]. To address this likelihood, an 

~31kDa recombinant 5’ 6xHis-tagged outer membrane lipoprotein from Leptospira, 

rLipL32, was examined for its ability to bind heme in a competition binding assay (Figure 

20A). rLipL32 did not bind heme in concentration dependent inhibitory fashion (Figure 

20B) as was seen in a heme competition binding assay with rhHBP (Figure 20C). However, 

the lipoprotein did show some inhibition at heme agarose binding at heme concentrations 

above 400pM, although, certainly not in a concentration dependent manner. Therefore, the 

histidine residues present in the fusion tag o f rhHBP do not mediate the binding of rhHBP to 

heme.

3.7.2.2 Protoporphyrin IX Competition Binding Assay

As heme is composed o f a porphyrin ring with an iron-chelated iron molecule, 

recognition o f heme as a legitimate ligand by rhHBP may require the presence o f iron within 

the tetrapyrrole ring. Therefore, competitive binding assays were conducted using 

protoporphyrin IX, the immediate precursor o f heme in the heme biosynthetic pathway [215]. 

Concentrations o f protoporphyrin IX (PPIX) above lOOpM markedly reduced absorption o f 

rhHBP to the affinity gel (Figure 21). The persistent binding o f rhHBP to the heme agarose 

seen at PPIX concentrations from 600uM to ImM may derive from the pronounced tendency 

of porphyrins to aggregate at high concentrations in aqueous solutions [216]. This
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Figure 19. Competition binding assay pre-incubating affinity-purified rhHBP with
increasing concentrations of heme.

Ten micrograms (2.7 x 10‘7pM) of affinity-purified rhHBP was pre-incubated with heme in 
concentrations ranging from 300pM to ImM. The mixtures were then incubated with heme 
agarose for one hour and bound proteins were eluted with 2x sample loading buffer. Forty 
micro litres of each boiled sample was separated by a 12% SDS-PAGE gel and SYPRO Ruby 
stained. NC represents the negative control where no protein was incubated with the heme 
agarose. Filled arrows indicate the (~37kDa) rhHBP monomer and (~75kDa) homodimer.
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Figure 20. Competition binding assay pre-incubating rLipL32, a recombinant outer
membrane lipoprotein from Leptospira, with increasing concentrations of heme.

A: The amino acid sequence o f the recombinant N-terminal six-histidine tagged outer 
membrane lipoprotein from Leptospira, rLipL32. The fusion tag is indicated in green.
B&C: Ten micrograms (3.2 x 10'7pM) of rLipL32 was pre-incubated with heme in 
concentrations ranging from 300pM to ImM (B). In tandem, a competition binding assay 
using rhHBP as described in figure 19 was performed (C). Mixtures were subsequently 
incubated with heme agarose for one hour and bound proteins were eluted with 2x sample 
loading buffer. Forty microlitres o f each boiled sample was separated by a 12% SDS-PAGE 
gel and SYPRO Ruby stained. NC represents the negative control where no protein was 
incubated with the heme agarose. Filled arrows indicate the (~37kDa) rhHBP monomer and 
(~75kDa) homodimer; the open arrow indicates the (~31kDa) rLipL32 monomer.
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Figure 21. Competition binding assay pre-incubating affinity-purified rhHBP with
increasing concentrations of protoporphyrin IX.

Ten micrograms o f affmity-purified rhHBP was pre-incubated with protoporphyrin IX in 
concentrations ranging from 50p,M to ImM. Mixtures were subsequently incubated with 
heme agarose for one hour and bound proteins were eluted with 2x sample loading buffer. 
Forty micro litres o f each boiled sample was separated by a 12% SDS-PAGE gel and SYPRO 
Ruby stained. NC represents the negative control where no protein was incubated with the 
heme agarose. Filled arrows indicate the (~37kDa) rhHBP monomer and (~75kDa) 
homodimer.
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propensity may have reduced the effective concentration o f PPIX available for competition 

or may have interfered with binding of PPIX to rhHBP by steric hindrance. This result 

indicated that rhHBP recognized the porphyrin ring of the heme molecule. Experiments 

were performed in duplicate.

3.7.2.3 Iron Competition Binding Assays

As hHBP exhibits homology to other bacterial periplasmic binding proteins involved 

in iron transport (Figure 10), experiments were performed using either ferric chloride or 

ferric nitrate as the competing ligand. Neither iron compound demonstrated concentration 

dependent inhibition o f rhHBP to the heme agarose (Figure 22A and 22B). No concentration 

dependent inhibition was seen in competition binding assays pre-incubating with OpM to 

lOOpM of ferric chloride or 300pM to ImM of ferric nitrate (data not shown).

In addition, competition binding assays pre-incubating with concentrations o f heme 

ranging from 300pM to ImM with the addition of 2,2’-dipyridyl (1.25mM/lmM heme) 

resulted in a concentration dependent inhibition pattern similar to results seen when pre- 

incubating with heme alone (Figure 23). These results were obtained in duplicate and 

indicate that iron dissociated from heme in solution was not responsible for the concentration 

dependent inhibitory effects demonstrated when pre-incubating with heme alone.

3.7.2.4 Zinc Protoporphyrin IX Competition Binding Assay

Zinc protoporphyrin IX (Zn-PPIX), a substituted non-iron metalloporphyrin, has been 

shown to exert significant antibacterial activity against H. ducreyi [196]. Metalloporphyrins 

exploit the heme uptake pathway to enter bacterial cells although the precise mechanisms of 

this antibacterial action and the components o f heme acquisition pathway that are co-opted 

remain incompletely characterized [195,196]. Therefore, to determine whether hHBP was 

engaged in the transport o f Zn-PPIX into H. ducreyi, competitive binding assays were
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Figure 22. Competition binding assay pre-incubating affinity-purified rhHBP with
increasing concentrations of ferric chloride or ferric nitrate.

Ten micrograms of affinity-purified rhHBP was pre-incubated with ferric chloride (A) or 
ferric nitrate (B) in concentrations as indicated above each lane. The mixtures were then 
incubated with heme agarose for one hour and bound proteins were eluted with 2x sample 
loading buffer. Forty microlitres o f each boiled sample was separated by a 12% SDS-PAGE 
gel and SYPRO Ruby stained. NC represents the negative control where no protein was 
incubated with the heme agarose. Filled arrows indicate the (~37kDa) rhHBP monomer and 
(~75kDa) homodimer.
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Figure 23. Competition binding assay pre-incubating affinity-purified rhHBP with
increasing concentrations of heme with the addition of an iron chelator.

Ten micrograms of affinity-purified rhHBP was pre-incubated with heme in concentrations 
ranging from 300joM to ImM with the addition of a fixed concentration of an iron chelator 
(1.25mM/lmM heme) -  2,2’-dipyridyl. Mixtures were then incubated with heme agarose for 
one hour and bound proteins were eluted with 2x sample loading buffer. Forty microlitres of 
each boiled sample was separated by a 12% SDS-PAGE gel and SYPRO Ruby stained. NC 
represents the negative control where no protein was incubated with the heme agarose. 
Filled arrows indicate the (~37kDa) rhHBP monomer and (~75kDa) homodimer.
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performed using this substituted metalloporphyrin. Concentration dependent inhibition was 

demonstrated; although, 10-fold higher concentrations o f Zn-PPIX compared to heme were 

required for complete inhibition (Figure 24). This result indicated that the entry o f Zn-PPIX 

into H. ducreyi is likely mediated by the binding to the heme periplasmic binding protein, 

hHBP.

3.8 Hem e R egulation o f hH BP Expression

The 2D gel analysis o f H. ducreyi 35 000 grown under heme-limiting and heme- 

replete conditions included 50pM desferoxamine which eliminated excess iron present in the 

media or glassware. Although this concentration of desferoxamine would be in excess o f the 

total amount o f free iron present in the heme-limiting conditions, this concentration o f iron 

chelator would not account for the possible total dissociation of iron from heme in the heme- 

replete media where 154pM desferoxamine would be needed. This led to the possibility that 

the enhanced hHBP expression arose from iron-limitation rather than heme restriction. 

Therefore, 2D gels o f periplasmic protein profiles of H. ducreyi 35 000 were prepared from 

cells grown under heme-replete conditions (GC agar supplemented with lOOpg/ml heme) to 

which increasing concentrations of desferoxamine (lOpM to 200pM) was added. 2D gel 

protein profiles were compared qualitatively by inspection and quantitatively by 

densitometry (Figure 25, Appendix II). If the expression of hHBP was regulated by iron, 

enhanced expression would be expected under iron-limited growth, i.e., in the presence of 

higher concentrations o f desferoxamine. However, there was a decrease in hHBP protein 

spot net intensity at higher desferoxamine concentrations (Figure 25, Appendix II). 2D gel 

pairwise comparisons were performed in duplicate.

To provide additional evidence that the expression o f hHBP was heme-regulated and 

not governed by iron, the periplasmic extracts were reacted with the anti-hHBP polyclonal
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Figure 24. Competition binding assay pre-incubating affinity-purified rhHBP with
increasing concentrations of a metalloporphyrin.

Ten micrograms o f affinity-purified rhHBP was pre-incubated with zinc-substituted 
protoporphyrin IX in concentrations ranging from ImM to lOmM. Mixtures were then 
incubated with heme agarose for one hour and bound proteins were eluted with 2x sample 
loading buffer. Forty micro litres o f each boiled sample was separated by a 12% SDS-PAGE 
gel and SYPRO Ruby stained. NC represents the negative control where no protein was 
incubated with the heme agarose. Filled arrows indicate the (~37kDa) rhHBP monomer and 
(~75kDa) homodimer.
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Figure 25. 2D gel analysis determining iron regulation of hHBP.

2D gel comparison of chloroform extracted periplasmic proteins of H. ducreyi 35 000 grown 
under heme-limiting conditions with lOOpM (A), lOpM (B), 200pM (C), or 20pM (D) 
desferoxamine. Gels A and B, or C and D were compared for changes in protein expression. 
Ten micrograms protein sample was rehydrated onto 7cm IPG strips, pH 3-10 and separated 
in the 1st dimension (pi) for 28 497Vhrs. The 2nd dimension was resolved on a 10% SDS- 
PAGE gel and stained with SYPRO Ruby. The circled protein spot represents hHBP with 
the net intensity o f each protein spot determined by PDQuest indicated on each gel. 
Molecular mass standards are indicated in kilodaltons (kDa). Trial 1 experiments were 
performed on September 9, 2005.
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antiserum. An increase in the amount o f hHBP was seen in periplasmic extracts derived 

from cells grown under heme-limiting compared to heme-replete conditions (Figure 26B). In 

contrast, there was no increase in intensity o f the hHBP immunoreactive band in preparations 

containing desferoxamine compared to extracts without the iron chelator. In addition, 

increasing the concentration o f desferoxamine did not influence the expression of hHBP. 

These results confirm that the expression o f hHBP is enhanced under heme-limiting 

conditions, and the expression of hHBP is not regulated by iron.

3.9 Distribution o f hH BP in Clinical Strains o f H. ducreyi, H. influenzae and Y. 
entercolitica

To determine whether hHBP was present and expressed in other strains o f H. ducreyi 

and in H, influenzae and Y. entercolitica, PCR amplification using hHBP-specific primers 

and genomic DNA from the above bacteria as well as Western blots o f whole cell lysates 

probed with anti-hHBP polyclonal antiserum were performed. A PCR product o f the 

expected size (940bp) was generated from all geographically diverse and serogroup distinct 

H. ducreyi clinical isolates (Figure 27, Table 1). In contrast, no amplicon was obtained from 

the H. influenzae or Y. entercolitica clinical isolates (Figure 27A). Although the iron 

chelated ABC transporter periplasmic binding protein o f H. influenzae and hHBP of H. 

ducreyi are 75% homologous in amino acid sequence, the oligonucleotide primers used for 

PCR amplification o f an hHBP-specific band demonstrated only 4-5bp identity to this H. 

influenzae gene. Therefore, an amplicon was not expected for the H. influenzae isolates. In 

Western blots o f whole cell lysates from these same clinical isolates, hHBP-specific 

immunoreactive bands were seen in all H. ducreyi and H. influenzae isolates (Figure 27C). 

Although there were several higher molecular weight immunoreactive bands present on the 

Western blots, these non-specific immunoreactive bands most likely resulted from the
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Figure 26. ID SDS-PAGE gel analysis determining iron regulation of hHBP.

Periplasmic proteins o f H. ducreyi 35 000 grown under heme-limiting (H-L) conditions or 
heme-replete (H-R) conditions with various concentration o f desferoxamine (concentrations 
are indicated above each lane) were extracted using the chloroform method. Four 
micrograms o f each protein sample was separated by a 12% ID SDS-PAGE gel (A). 
Molecular mass standards are indicated in kilodaltons (kDa). The Western immunoblot (B) 
was probed with anti-hHBP polyclonal antiserum. Affinity-purified rhHBP (2pg) was used 
as a positive control for Western blot probing. The filled arrow indicates the mature 
(~31kDa) hHBP protein bands.
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Figure 27. Presence of hHBP in clinical strains of H. ducreyi, H. influenzae and Y. 
entercolitica.

A: Genomic DNA from clinical strains o f H. ducreyi (HD), H. influenzae (HI), and Y. 
entercolitica (YE) was PCR amplified using the hHBP-specific primers used for pET151 
vector cloning. PCR reactions were separated on a 1% agarose gel and stained with ethidium 
bromide. The open arrow indicates the 940bp PCR amplicon. NC represents the negative 
control where no template DNA was added to the PCR reaction.
B&C: Five micrograms o f whole cell lysate from each clinical isolate was separated by a 
12% SDS-PAGE gel (B) and Western immunoblotted (C). Blots were probed with anti- 
hHBP polyclonal antiserum with affinity-purified rhHBP (lpg) run as a positive control. 
Each SDS-PAGE gel has its corresponding Western blot directly below in panel C. Filled 
arrows indicate hHBP-specific immunoreactive bands representative o f the immature 
(~33kDa) and mature (~31kDa) form of the monomer and a possible degradation product 
(~28kDa). Molecular mass standards are indicated in kilodaltons (kDa).
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procedure used for anti-hHBP production as previously discussed (see Section 3.6). Two to 

three hHBP-specific immunoreactive bands were present in all H. ducreyi isolates and 

represent the sizes o f both the mature (~31kDa) and immature (~33kDa) forms of the hHBP 

monomer. The third immunoreactive band was ~28kDa and could represent a degradation 

product o f the monomer or an H. ducreyi protein expressing a sequence present in the fusion 

tag. This ~28kDa bands was also present in all H. influenzae isolates. Interestingly, the 

immunoreactive band ~31kDa corresponding in size to the hHBP monomer was present in 

the four H. influenzae isolates. No hHBP-specific immunoreactive bands were present in 

both the Y. entercolitica clinical isolates tested. These results indicated that hHBP was 

conserved among H. ducreyi strains and also suggests that a similar protein was expressed in

H. influenzae.
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CHAPTER FOUR

DISCUSSION

4.1 Our Experim ental Approach

The current study is the first to identify and functionally characterize by biochemical 

methods a heme-dedicated periplasmic binding protein in H. ducreyi. In addition, our 

approach using proteomics, particularly 2D gel analysis, to determine function prior to 

identification o f the heme regulated protein was unique both to our laboratory and to the 

literature. With regards to the 2D gel work done on H. ducreyi, the only previous study done 

involves the identification o f proteins in whole cell lysates to determine differences in 

protein profiles among a variety H. ducreyi strains [194], Formerly in our laboratory, both 

genetic and biochemical approaches were used in order to interrogate the genome of H. 

ducreyi for a putative heme ABC transporter system with little success [203]. For the genetic 

approach, BLAST and conserved domains searches were used to interrogate ORFs found 

upstream and downstream of the genes encoding both the heme and hemoglobin outer 

membrane receptors o f H. ducreyi to no avail. However, this method had limitations as ABC 

transporters are not always contiguous to genes encoding their outer membrane counterpart. 

For the biochemical method, heme affinity chromatography was used to identify the 

periplasmic heme binding protein from periplasmic extracts. However, the hydrophobic 

property o f heme resulted in the non-specific interaction of proteins to the heme affinity 

matrix. The most abundant protein isolated using this method was the elongation factor Tu 

[203], Elongation factor Tu was also demonstrated as an abundant protein in 2D gel analysis 

in the present study (Figure 8, Appendix I). What is also evident from 2D gel analysis in this 

study (Figure 8, Appendix I) and a prior 2D gel analysis o f H. ducreyi whole cell lysates
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[194] is that hHBP is not an abundant protein in the periplasmic space. Therefore, the 

unsuccessful attempts to isolate hHBP in our laboratory by heme affinity chromatography 

were due to its low abundance in periplasmic extracts and the excessive binding of non­

specific proteins to the heme agarose column.

Little is known about heme transport in both H. ducreyi and other bacteria. Most of 

the research information available about heme transport involves generalizations arising from 

iron transport or from genetic information based on protein sequence and homology. 

Comparing 2D gel periplasmic protein profiles of H. ducreyi 35 000 grown under heme- 

limiting and heme-replete conditions allowed for the determination o f candidate proteins 

whose expression was upregulated when heme was restricted. This approach had the 

selective advantage o f narrowing potential candidates to those exhibiting this predicted 

characteristic o f a protein involved in heme transport. This targeted downstream genetics 

work to genes that had a greater potential o f encoding the heme transporter. In addition, the 

genome of H. ducreyi 35 000 has been sequenced, allowing for its interrogation for 

homologous protein identification by mass spectroscopy. Due to the success of this 

proteomics technique as an identification tool, it is being applied in our laboratory to 

determine the identity o f heme transporters in N. meningitidis.

While 2D gel analysis does have its pitfalls, none have posed significant problems for 

our analysis. Because o f the complexity o f protein samples analyzed by 2D gel 

electrophoresis, the identification o f proteins expressed at low levels may be obscured. This 

potential obstacle was addressed by focusing our analysis on the specific subcellular subset 

o f periplasmic proteins. The use o f the highly sensitive stain, SYPRO Ruby, a ruthenium- 

based fluorescence stain able to detect protein concentrations as low as l-2ng, assisted in the 

quantitative determination o f differences in proteins expression under the surveyed

87

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



conditions [217], The recognized solubility and restricted pi range of characterized 

periplasmic proteins are important properties that enhanced their 1st and 2nd dimensional 

separation and recovery [190]. The majority o f proteins in our periplasmic preparations were 

within the center o f the pH separation range with few outliers at the left or right sides o f the 

gel (Figures 8 and 25, Appendices I and II). As the net intensity changes measured by 

densitometry is user-dependent, gels were analyzed in pairwise comparisons in which 

photographs and net intensities were assessed at the same exposure. All o f the three pairwise 

comparisons were performed in duplicate to ensure reproducibility.

In our study, we did exploit techniques used by other investigators to determine heme 

binding specificity o f hHBP. Heme affinity chromatography using heme immobilized on 

agarose beads has been previously used to determine the heme-binding ability o f many 

proteins including the heme receptor, TdhA, in H. ducreyi [113]. This methodology has also 

been used to determine heme binding ability o f outer membrane receptors and extracellular 

heme binding proteins in other pathogenic bacteria [218- 22]. Other investigators have used 

6xHis tagged recombinant purified protein to demonstrate heme binding [205,223]. 

However, because histidine residues often serve as the axial ligands in heme binding [143], 

the presence of the uncleaved 6xHis tag linked to rhHBP raised the possibility that the 

binding specificity o f rhHBP to heme was mediated by this N-terminal extension. To 

address this possibility, rLip32, a Leptospira outer membrane polyhisidine fusion protein, 

was pre-incubated with heme in a competition binding assay. No dose-dependent binding 

was observed (Figure 20) indicating that the histidine tag was not responsible for the 

interaction o f the rhHBP with heme.
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4.2 Hem e Transport in H. ducreyi

Heme transport across the periplasmic space in H. ducreyi and other Haemophilus 

species is poorly understood [146]. In H. ducreyi, two TonB-dependent outer membrane 

receptors have been identified and functionally demonstrated to bind heme (TdhA receptor) 

or hemoglobin (HgbA receptor)[ 113,179], Interestingly, a tdhA/hgbA double knockout was 

still able to transport heme across the outer membrane [113]. Therefore, it has been 

proposed that there is also a separate TonB-independent mechanism for heme acquisition 

[179]. Because H. ducreyi is a heme-obligate bacterium and requires a higher amount of 

heme as compared to other heme-obligate organisms, it is logical that H. ducreyi would have 

several pathways for heme acquisition. However, once heme is transported across the outer 

membrane, little is known about its fate. The present study begins to unravel intracellular 

heme transport once heme is deposited into the periplasmic space o f H. ducreyi by 

identifying and functionally characterizing a periplasmic heme-binding protein in this 

organism. We demonstrated that hHBP was consistently upregulated under heme-limiting 

conditions; however, its expression was not influenced by the addition o f exogenous iron as 

the amount o f hHBP, as demonstrated by 2D gel analysis, did not vary when H. ducreyi was 

grown in the presence o f increasing concentrations o f the iron chelator desferoxamine 

(Figure 25, Appendix II). The molecular mass o f the immature and mature hHBP is 

consistent with that o f other periplasmic binding proteins found in Gram-negative bacteria, 

including those involved in heme and iron transport [123,163,165,167,168,205]. The 

BLAST-P interrogation o f the gene encoding the H. ducreyi hHBP predicted a gene product 

with a molecular mass o f ~33kDa and PSORT predicted a cleaved N-terminal signal 

sequence tag allowing for transport to the periplasm [224], The projected cleavage site was 

between amino acids 24 and 25, resulting in a predicted mature protein o f ~31kDa. N-
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terminal sequence analysis of the hHBP protein present in the periplasm of H. ducreyi would 

corroborate the amino acid cleavage site. Our experimental evidence confirmed a mature 

hHBP protein o f approximately 31kDa localized to the periplasm probed with anti-hHBP 

rabbit polyclonal antiserum (Figure 11). We demonstrated that affinity-purified rhHBP 

interacted specifically with heme as reflected in the concentration dependent binding to heme 

agarose (Figures 17). The binding to the matrix bound heme was competitively inhibited by 

increasing concentrations o f free heme (Figures 19). Furthermore, two lines o f evidence 

indicate that the recognition o f the tetrapyrrole ring o f heme underlies the binding. First, 

protoporphyrin IX, which comprises a porphyrin ring devoid o f the central iron moiety, 

competitively inhibited binding o f rhHBP to the immobilized heme (Figure 21). Second, in 

similar competitive binding assays, Zn-PPIX, a non-iron metalloporphyrin, was capable of 

abrogating the interaction of rhHBP to the heme agarose (Figure 24). This demonstrated that 

substitution o f the central chelated metal ion did not alter the binding specificity o f rhHBP to 

heme.

Following our characterization o f a heme-dedicated periplasmic binding protein in H. 

ducreyi, the first obvious next step would be the construction of an hHBP isogenic mutant to 

test its ability to utilize heme sources. However, this may not be achievable as H. ducreyi is 

a heme-obligate organism and knocking out a potentially key component o f this uptake 

pathway could prove lethal. If this is the case, there are several possible ways to deal with 

this issue. Firstly, growing H. ducreyi under anaerobic conditions eliminates its requirement 

for heme [115,179], This would allow for selection of hHBP mutants. As well, the heme 

transport system o f Y. entercolitica has been well characterized and includes a heme uptake 

mutant library [225]. Therefore, functional complementation o f a Y. entercolitica heme- 

dedicated periplasmic binding protein (hemT) mutant with hHBP could prove successful.
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4.3 W ith Respect to Hem e Transporters in O ther Bacteria

High-affinity periplasmic binding proteins play two particularly significant roles in 

ligand uptake contributing to ligand specificity and selectivity [205]. These binding proteins 

also play a critical role in the release o f the ligand to the remaining components o f the ABC 

transport system. Several heme-dedicated periplasmic binding proteins have been identified 

in a variety o f Gram-negative bacteria including ShuT, HemT, HmuT, PhuT, ChuT, HutB 

[146], However, little functional characterization o f these transport proteins has been 

performed. The proposed heme-binding property has been inferred from mutant analysis and 

from sequence homology to characterized proteins [226].

The hHBP protein identified in our study was homologous to iron or metal ion 

transport proteins (Figure 10). The highest homology was to a metal ion transport protein 

from A. pleuropneumoniae and to the iron (chelated) periplasmic binding proteins from H. 

influenzae and Y. pestis [224], The lack of sequence homology to other periplasmic heme 

binding proteins is not surprising as little homology exists among these transporters [205, 

146]. For example, the heme binding protein o f S. dysenteriae, ShuT, shows no homology to 

other heme proteins and is most similar to vitamin Bi2 and iron-hydroxamate periplasmic 

binding proteins. ShuT has been shown to functionally bind heme and play a role in the 

heme ABC transport system in S. dysenteriae [205],

4.4 Putative Hem e Transport Operon

Heme is transported across the periplasmic space to the inner membrane by a specific 

ABC transporter consisting o f a periplasmic binding protein, a membrane-spanning 

permease, and an ATPase for active transport into the cytoplasm [146]. A functional heme- 

specific ABC transporter is necessary for heme acquisition in Gram-negative bacteria [146].
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In our study, we have characterized a heme-dedicated periplasmic binding protein 

that is a component o f a putative heme-specific transport operon in H. ducreyi consisting of 

four genes (Figure 9). A lone putative promoter located immediately upstream of the first 

gene in the operon and a possible site for a transcriptional termination occurs after the final 

gene in the proposed operon. While two components o f a typical ABC transporter are found 

in this operon -  hHBP and an ATP-binding protein -  the remaining genes do not have 

qualities resembling a prototypical ABC transporter. The protein encoded by ORF-1 is a 

putative inner membrane protein but does not have any of the classic features o f a permease 

[146], Although the ATPase component is the most conserved unit o f an ABC transporter, 

the nucleotide sequence o f permeases are not as conserved [206]. A conserved motif among 

permeases, “EAA”, located about 100 amino acid residues from the C-terminus is absent in 

ORF-1 [146], Despite the absence o f nucleotide motifs characteristic o f permeases, ORF-1 

exhibits several transmembrane spanning domains consistent with membrane proteins. It is 

interesting to note that the top twenty most homologous proteins as predicted by BLAST-P to 

this inner membrane protein were immediately followed by a sulfite reductase gamma 

subunit. This was demonstrated in our proposed operon as ORF-2 displays sequence 

homology to dsvC that encodes a dissimilatory desulfoviridin gamma subunit (DSG) in 

Desulphorvibrio vulgaris. The role o f this protein in non-sulfate reducing bacteria remains 

elusive. The DsvC protein has been proposed to be involved in the assembly, folding or 

stabilization o f sirohaem proteins in bacteria lacking a sulfite reductase such as H. influenzae 

and E. coli [211,213]. As H. ducreyi also lacks any genes homologous to the sulfite 

reductase enzyme complex, we speculate that the DSG protein may play a role in stabilizing 

the hHBP transport protein because H. ducreyi is a heme-obligate organism with a high heme 

requirement. Therefore, an extremely efficient heme transport system would be essential for
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heme transport. DSG may possibly stabilize the interaction between the heme molecule and 

hHBP to meet this demand for high efficiency heme transport.

Genes homologous to ORF-1 and ORF-2 are components of the proposed iron ABC 

transporter operons in H. somnus and Pasteurella multocida. In these operons, these two 

genes were in addition to the genes encoding a periplasmic binding protein, an ATP-binding 

protein, and two permease proteins. It is interesting that the H. ducreyi 35 000 does not have 

these two permease genes in the operon identified in our study. H. ducreyi 35 000 is a 

laboratory strain and the lack of the permease gene could be a result o f excessive in vitro 

passaging in an environment where heme is not limited as seen in the human host.

Many heme transport systems are under the transcriptional regulation of the ferric 

uptake regulator protein (Fur) [227,151,153] whereby Fur acts as a transcriptional repressor 

in response to intracellular iron levels. The Fur protein employs Fe2+ as a co-repressor and 

directly binds to highly conserved target palindromic DNA sequences, Fur boxes, in iron- 

regulated promoters blocking gene transcription [227]. Although H. ducreyi possesses a 

functional Fur system, Fur boxes are not present in the promoter o f the proposed heme- 

specific transport operon [228].

In future work, it would be interesting to investigate the function o f each gene in the 

proposed heme transport operon. In addition, confirmation that the genes are transcribed as a 

single transcriptional unit can be achieved by real-time reverse transcriptase PCR. 

Elucidating the role o f dsvC  in the putative heme transport operon via a targeted knockout 

using the aphA::kan cassette that allows for the construction of a non-polar mutation in dsvC 

would be instructive. It would also be interesting to determine if  one or more permease 

genes are present in the proposed heme transport operon in other strains o f H. ducreyi.
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4.5 hH B P’s Expression in C linical Isolates o f  H. ducreyi and O ther G ram - 
negatives

In a survey of selected H. ducreyi clinical isolates, Western immunoblot and PCR 

amplification experiments indicated that hHBP is likely ubiquitous among H. ducreyi strains 

and that the expressed protein is structurally conserved (Figure 27). This is not surprising 

because H. ducreyi is a heme-obligate organism and heme acquisition systems would be 

expected to be highly conserved in this organism. In addition, because o f the ubiquity of 

hHBP among H. ducreyi isolates, hHBP would represent a potentially powerful target for 

drug therapy including metalloporphyrins. Our results indicated that hHBP is able to bind to 

a non-iron metalloporphyrin, Zn-PPIX (Figure 24). Zn-PPIX and Ga-PPIX both possess 

antibacterial properties against H. ducreyi as well as other pathogenic bacteria such as Y. 

entercolitica, N. gonorrheae and methicillin-resistant S. aureus. Metalloporphyrins enter 

these bacteria via the heme uptake pathway [195,196] and therefore poses no barrier 

functions, i.e., bacterial membranes can restrict the function o f some antimicrobials. It 

should be noted that most pathogenic bacteria possess this uptake system at its maximal 

expression due to the heme-limiting conditions existing in the human host [229].

No amplicon corresponding to the gene encoding hHBP was amplified in H. 

influenzae or Y. entercolitica clinical isolates (Figure 27); however, an immunoreactive band 

corresponding in size to hHBP was identified in all H. influenzae on Western immunoblot. 

This suggested that a structurally related protein was expressed in H. influenzae. The 

discrepancy between the PCR amplification and Western immunoblot data for H. influenzae 

was expected. Although the amino acid sequence o f hHBP and the iron chelated ABC 

transporter periplasmic binding protein o f H. influenzae are 75% homologous, the 

oligonucleotide primers used for the PCR amplification contained only 4-5bp o f identity to
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the H. influenzae gene making PCR amplification of an hHBP-specific band unlikely [230]. 

Thus, it would be o f interest to sequence this ~31kDa immunoreactive band present in all H. 

influenzae isolates probed with anti-hHBP polyclonal antiserum and determine its function in 

relation to heme acquisition in this bacterium.

4.6 Conclusions

In our study, we have identified a heme-dedicated periplasmic binding protein in H. 

ducreyi, hHBP, whose expression is enhanced under heme-limiting conditions. hHBP was 

able to specifically bind heme in a concentration dependent manner. Although hHBP was 

shown to recognize the porphyrin ring o f the heme molecule, hHBP had no binding 

specificity for iron. Finally, hHBP was ubiquitous and structurally conserved among H. 

ducreyi clinical isolates.
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Appendix I. H. ducreyi 35 000 periplasmic proteins upregulated under heme-limiting
conditions.

2D gel comparison of chloroform extracted periplasmic proteins of H. ducreyi 35 000 grown 
under heme-replete conditions (lOOpg/ml heme plus 50pM desferoxamine) (A) and heme- 
limiting conditions (15pg/ml heme plus 50pM desferoxamine) (B). Ten micrograms o f each 
protein sample was rehydrated onto 7cm IPG strips, pH 3-10 and separated in the 1st 
dimension (pi) for 28 903Vhrs. The 2nd dimension was resolved by a 10% SDS-PAGE gel 
and stained with SYPRO Ruby. Circled protein spots were identified by MALDI tandem 
mass spectroscopy and MASCOT to be elongation factors G; MW: 77 kDa (1), Tu; MW: 
43.4kDa (2), and P; MW: 20.7kDa (3) and an iron (chelated) periplasmic binding protein; 
MW: 33.2kDa (4) of H. ducreyi 35 000. Changes in net intensity of each protein spot circled 
determined by PDQuest are listed in the table with ( t)  indicating upregulation and (j,) 
indicating downregulation under heme-limiting conditions Molecular mass standards are 
indicated in kilodaltons (kDa). Trial 2 experiments were performed on July 7, 2005.
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Appendix I. H. ducreyi 35 000 periplasmic proteins upregulated under heme-limiting
conditions.

2D gel comparison o f chloroform extracted periplasmic proteins of H. ducreyi 35 000 grown 
under heme-replete conditions (100p.g/ml heme plus 50pM desferoxamine) (A) and heme- 
limiting conditions (15 jag/ml heme plus 50pM desferoxamine) (B). Ten micrograms of each 
protein sample was rehydrated onto 7cm IPG strips, pH 3-10 and separated in the 1st 
dimension (pi) for 28 903Vhrs. The 2nd dimension was resolved by a 10% SDS-PAGE gel 
and stained with SYPRO Ruby. Circled protein spots were identified by MALDI tandem 
mass spectroscopy and MASCOT to be elongation factors G; MW: 77 kDa (1), Tu; MW: 
43.4kDa (2), and P; MW: 20.7kDa (3) and an iron (chelated) periplasmic binding protein; 
MW: 33.2kDa (4) of H. ducreyi 35 000. Changes in net intensity of each protein spot circled 
determined by PDQuest are listed in the table with (f) indicating upregulation and (f) 
indicating downregulation under heme-limiting conditions Molecular mass standards are 
indicated in kilodaltons (kDa). Trial 2 experiments were performed on July 7, 2005.
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Appendix I. H. ducreyi 35 000 periplasmic proteins upregulated under heme-limiting
conditions.

2D gel comparison of chloroform extracted periplasmic proteins of H. ducreyi 35 000 grown 
under heme-replete conditions (lOOpg/ml heme plus 50pM desferoxamine) (A) and heme- 
limiting conditions (15pg/ml heme plus 50pM desferoxamine) (B). Ten micrograms o f each 
protein sample was rehydrated onto 7cm IPG strips, pH 3-10 and separated in the 1st 
dimension (pi) for 28 902Vhrs. The 2nd dimension was resolved by a 10% SDS-PAGE gel 
and stained with SYPRO Ruby. Circled protein spots were identified by MALDI tandem 
mass spectroscopy and MASCOT to be elongation factors G; MW: 77 kDa (1), Tu; MW: 
43.4kDa (2), and P; MW: 20.7kDa (3) and an iron (chelated) periplasmic binding protein; 
MW: 33.2kDa (4) of H. ducreyi 35 000. Changes in net intensity of each protein spot circled 
determined by PDQuest are listed in the table with ( |)  indicating upregulation and (j)  
indicating downregulation under heme-limiting conditions Molecular mass standards are 
indicated in kilodaltons (kDa). Trial 1 experiments were performed on June 16, 2005.
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Appendix I. H. ducreyi 35 000 periplasmic proteins upregulated under heme-limiting
conditions.

2D gel comparison o f chloroform extracted periplasmic proteins of H. ducreyi 35 000 grown 
under heme-replete conditions (lOOpg/ml heme plus 50pM desferoxamine) (A) and heme- 
limiting conditions (15pg/ml heme plus 50pM desferoxamine) (B). Ten micrograms of each 
protein sample was rehydrated onto 7cm IPG strips, pH 3-10 and separated in the 1st 
dimension (pi) for 28 902Vhrs. The 2nd dimension was resolved by a 10% SDS-PAGE gel 
and stained with SYPRO Ruby. Circled protein spots were identified by MALDI tandem 
mass spectroscopy and MASCOT to be elongation factors G; MW: 77 kDa (1), Tu; MW: 
43.4kDa (2), and P; MW: 20.7kDa (3) and an iron (chelated) periplasmic binding protein; 
MW: 33.2kDa (4) of H. ducreyi 35 000. Changes in net intensity of each protein spot circled 
determined by PDQuest are listed in the table with (f) indicating upregulation under heme- 
limiting conditions Molecular mass standards are indicated in kilodaltons (kDa). Trial 1 
experiments were performed on June 16, 2005.
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Appendix I. H. ducreyi 35 000 periplasmic proteins upregulated under heme-limiting
conditions.

2D gel comparison of chloroform extracted periplasmic proteins of H. ducreyi 35 000 grown 
under heme-replete conditions (lOOpg/ml heme plus 50pM desferoxamine) (A) and heme- 
limiting conditions (15pg/ml heme plus 50pM desferoxamine) (B). Ten micrograms of each 
protein sample was rehydrated onto 7cm IPG strips, pH 3-10 and separated in the 1st 
dimension (pi) for 28 902Vhrs. The 2nd dimension was resolved by a 10% SDS-PAGE gel 
and stained with SYPRO Ruby. Circled protein spots were identified by MALDI tandem 
mass spectroscopy and MASCOT to be elongation factors G; MW: 77 kDa (1), Tu; MW: 
43.4kDa (2), and P; MW: 20.7kDa (3) and an iron (chelated) periplasmic binding protein; 
MW: 33.2kDa (4) o f H. ducreyi 35 000. Changes in net intensity of each protein spot circled 
determined by PDQuest are listed in the table with ( |)  indicating upregulation and (I) 
indicating downregulation under heme-limiting conditions Molecular mass standards are 
indicated in kilodaltons (kDa). Trial 1 experiments were performed on June 16, 2005.
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Appendix II. 2D gel analysis determining iron regulation of hHBP.

2D gel comparison o f chloroform extracted periplasmic proteins of H. ducreyi 35 000 grown 
under heme-limiting conditions with lOOpM (A), lOpM (B), 200pM (C), or 20pM (D) 
desferoxamine. Gels A and B, or C and D were compared for changes in protein expression. 
Ten micrograms protein sample was rehydrated onto 7cm IPG strips, pH 3-10 and separated 
in the 1st dimension (pi) for 28 302Vhrs. The 2nd dimension was resolved on a 10% SDS- 
PAGE gel and stained with SYPRO Ruby. The circled protein spot represents hHBP with 
the net intensity o f each protein spot determined by PDQuest indicated on each gel. 
Molecular mass standards are indicated in kilodaltons (kDa). Trial 2 experiments were 
performed on October 5, 2005.
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Haemophilus ducreyi, a gram-negative and heme-dependent bacterium, is the causative agent of 
chancroid, a genital ulcer sexually transmitted infection. More prevalent in developing countries, 
chancroid facilitates the transmission of HIV-1. Although the precise molecular mechanism for heme 
acquisition is unclear, heme uptake likely proceeds via a receptor mediated process. The initial event 
involves binding to either of two outer membrane receptors, TdhA and HgbA. Once heme is deposited 
into the periplasmic space, we hypothesize that a periplasmic heme binding protein (PHBP) is 
responsible for transporting heme across the periplasmic space to the inner membrane. To identity the 
PHBP, periplasmic extracts were generated from H. ducreyi 35000 grown under high and low heme 
conditions. The periplasmic preparations were subjected to proteome mapping using two-dim ensional 
gel electrophoresis. Peptide sequences of upregulated proteins grown under heme-restrictive conditions 
were determined by mass spectroscopic analysis allowing for the identification of candidate PHBPs. 
Matching the peptide mass fingerprint against the sequenced genome of H. ducreyi permitted cloning of 
the responsible gene into a pET expression vector. This enabled purification of the candidate protein 
for functional heme-binding characterization. A candidate PHBP was identified with homology to YfeA 
of Yersinia pestis. The gene encoding for this protein is organized in a typical ABC transporter operon. 
Under iron limiting conditions, no increase in the expression of theYfeA homolog was observed. Using 
hem e-affinity chrom atography, competition binding experiments demonstrated that the interaction of 
the purified YfeA homolog with heme was inhibited in a concentration-dependent manner. We conclude 
that H. ducreyi shuttles heme across the periplasmic space using a PHBP homolog of YfeA. Delineating 
the heme uptake pathway in H. ducreyi will serve as a template in the understanding of bacterial heme 
transport and will ultimately assist in the discovery of new therapeutic strategies.
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Vincetoxicum rossicum (Asclepiadaceae), commonly known as pale swallow-wort or dog- 
strangling vine, is an invasive alien vine found in Ottawa and other localities throughout Southern 
Ontario and Northeastern United States. In this study, pollination and the effects of isolation on 
Vincetoxicum rossicum were observed. A pollinator-exclusion experiment, in which I bagged nodes with 
unopened buds, was performed to test whether V rossicum is able to self-pollinate. Excluding 
pollinators did not have a statistically significant effect on seed production; thus, V. rossicum is capable 
of self-pollination. Observations were made on pollinator visitation rates to plants growing either in 
large, dense patches or as isolated individuals. Plants in isolation received significantly more visits by 
pollinators. Observations were also made on the visitation rates to potted plants in three treatments:
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dense patch, small patch, and isolated plants. Visitation did have a statistically significant effect on seed 
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compared to non-visited flowers. Visitation also had a significant negative effect on the germination of 
the seeds. About 28% of the seeds produced from visited flowers germinated whereas 39% of the seeds 
produced from non-visited flowers germinated.
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