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Activity of Epithelial Defensin HBD-3 Against a Periodontal Pathogen

Abstract

Defensins are cationic (positive-charged) peptides with broad-spectrum antibiotic activity. In humans,
there are two types of defensins, alpha () and beta (B). Human neutrophils contain four a-defensins
known as Human Neutrophil Peptide (HNP) 1-4. Epithelial cells produce four B-defensins known as
Human Beta Defensin (HBD) 1-4. Gram-negative anaerobic bacteria that are associated with periodontal
disease are resistant to human a-defensins, but are killed by B-defensins.

HBD-3 is the most active B-defensin. HBD-3 is a longer peptide than HNP 1-4. HBD-3 has additional amino
acid residues with hydrophobic side chains near the N-terminus and residues with cationic side chains at
the C-terminus.

Objectives: (1) Confirm that the periodontal pathogen A.a. (Aggregatibacter actinomycetemcomitans) is
resistant to HNP-1 but killed by HBD-3; (2) Determine if the N-terminal or C-terminal portion of HBD-3 can
account for activity against A.a.; (3) Determine whether HBD-3 binds to lipopolysaccharide (LPS), which
covers the surface of gram-negative bacteria; (4) Determine whether binding of the hydrophobic N-
terminus of HBD-3 to the hydrophobic lipid A portion of LPS accounts for activity of HBD-3 against A.a.

Methods: Non-pathogenic Escherichia coli and pathogenic A.a. Y4 bacteria were incubated with
recombinant HBD-3 or HNP-1 purified from human neutrophils. Bacteria were also incubated with
synthetic peptides CHRG07 and CHRGO1. These peptides have sequences derived from the HBD-3 N-
terminus and C-terminus, respectively. The number of viable bacteria was determined by diluting, plating
on solid growth medium, and counting colonies.

Bacteria were also incubated with HBD-3 and purified LPS from E. coli or A.a. to determine whether
purified LPS absorbs HBD-3 and blocks killing. Similar experiments used purified lipid A or deacylated-
LPS, which lacks the hydrophobic fatty acids of the lipid Aportion of LPS.

Results: HBD-3 had strong bactericidal activity against A.a. under the usual assay conditions for a-
defensins (in dilute culture medium) and the usual assay conditions for B-defensins (in buffer without
nutrients). HBD-3 at 5 uM gave 90 to 99% killing of A.a.within 2 to 4 h. In contrast, HNP-1 had no activity
against A.a. regardless of assay conditions, confirming that A.a. is resistant to HNP-1 but killed by HBD-3.

Both CHRGO7 and CHRGO1 killed A.a., but CHRG07 was much more active. The activity of CHRGO7 was
equal to that of HBD-3, indicating that the mixture of hydrophobic and cationic amino acid residues at the
N-terminus can account for HBD-3 activity againstA.a.

Purified LPS from E. coli or A.a. blocked the activity of HBD-3 at a 1:1 ratio of LPS to HBD-3, indicating
that one molecule of HBD-3 binds to each molecule of LPS. Deacylated-LPS also blocked HBD-3 at a 1:1
ratio, but purified lipid A did not block. Although HBD-3 binds to LPS, and hydrophobic residues near the
N-terminus of HBD-3 appear to be important for killing of A.a., the hydrophobic lipid A portion of LPS was
not the binding site for HBD-3. Binding of HBD-3 to other hydrophobic substances such as membrane
proteins or phospholipids may be important to HBD-3 activity against A.a.

Conclusions: Resistance of A.a. to leukocyte a-defensins is probably important to the ability of A.a. to
cause disease. On the other hand, the epithelial cell B-defensins probably help to protect healthy
individuals against oral disease. Small synthetic peptides such as CHRGO07 that contain the portion of
HBD-3 active against the periodontal pathogen A.a. may be useful to prevent or treat gingivitis and
periodontitis.
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ABSTRACT

Defensins are cationic (positive-charged) peptides with broad-spectrum antibiotic
activity. In humans, there are two types of defensins, alpha (o) and beta (). Human
neutrophils contain four o-defensins known as Human Neutrophil Peptide (HNP) 1-4.
Epithelial cells produce four B-defensins known as Human Beta Defensin (HBD) 1-4.
Gram-negative anaerobic bacteria that are associated with periodontal disease are
resistant to human o-defensins, but are killed by -defensins.

HBD-3 is the most active -defensin. HBD-3 is a longer peptide than HNP 1-4.
HBD-3 has additional amino acid residues with hydrophobic side chains near the N-
terminus and residues with cationic side chains at the C-terminus.

Objectives: (1) Confirm that the periodontal pathogen 4.a. (Aggregatibacter
actinomycetemcomitans) is resistant to HNP-1 but killed by HBD-3; (2) Determine if the
N-terminal or C-terminal portion of HBD-3 can account for activity against4.a.; (3)
Determine whether HBD-3 binds to lipopolysaccharide (LPS), which covers the surface
of gram-negative bacteria; (4) Determine whether binding of the hydrophobic N-terminus
of HBD-3 to the hydrophobic lipid A portion of LPS accounts for activity of HBD-3
against 4.a.

Methods: Non-pathogenic Escherichia coli and pathogenic 4.a. Y4 bacteria were
incubated with recombinant HBD-3 or HNP-1 purified from human neutrophils. Bacteria
were also incubated with synthetic peptides CHRGO07 and CHRGO1. These peptides have
sequences derived from the HBD-3 N-terminus and C-terminus, respectively. The
number of viable bacteria was determined by diluting, plating on solid growth medium,
and counting colonies.

Bacteria were also incubated with HBD-3 and purified LPS from E. coli or 4.a. to
determine whether purified LPS absorbs HBD-3 and blocks killing. Similar experiments
used purified lipid A or deacylated-LPS, which lacks the hydrophobic fatty acids of the
lipid A portion of LPS.

Results: HBD-3 had strong bactericidal activity against 4.a. under the usual assay
conditions for o-defensins (in dilute culture medium) and the usual assay conditions for
B-defensins (in buffer without nutrients). HBD-3 at 5 uM gave 90 to 99% killing of 4.a.
within 2 to 4 h. In contrast, HNP-1 had no activity against 4.a. regardless of assay
conditions, confirming that A.a. is resistant to HNP-1 but killed by HBD-3.

Both CHRGO07 and CHRGOI1 killed A4.a., but CHRGO07 was much more active.
The activity of CHRG07 was equal to that of HBD-3, indicating that the mixture of
hydrophobic and cationic amino acid residues at the N-terminus can account for HBD-3
activity against 4.a.



Purified LPS from E. coli or A.a. blocked the activity of HBD-3 at a 1:1 ratio of
LPS to HBD-3, indicating that one molecule of HBD-3 binds to each molecule of LPS.
Deacylated-LPS also blocked HBD-3 at a 1:1 ratio, but purified lipid A did not block.
Although HBD-3 binds to LPS, and hydrophobic residues near the N-terminus of HBD-3
appear to be important for killing of 4.a., the hydrophobic lipid A portion of LPS was not
the binding site for HBD-3. Binding of HBD-3 to other hydrophobic substances such as
membrane proteins or phospholipids may be important to HBD-3 activity against 4.a.

Conclusions: Resistance of 4.a. to leukocyte o-defensins is probably important to
the ability of 4.a. to cause disease. On the other hand, the epithelial cell B-defensins
probably help to protect healthy individuals against oral disease. Small synthetic peptides
such as CHRGO7 that contain the portion of HBD-3 active against the periodontal
pathogen A.a. may be useful to prevent or treat gingivitis and periodontitis.
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CHAPTER 1. INTRODUCTION AND LITERATURE REVIEW

Gingival Epithelium

Epithelial cells are the first line of defense against microbial invasion. These cells
cover the skin and mucosal tissues and protect the underlying tissues from invasion.
Once this barrier is breached, infection and tissue destruction can occur. Periodontal
disease is an example of the destructive properties of this microbial breach. Periodontal
diseases are initiated by a breakdown of the bacteria-host equilibrium resulting in the
inflammatory destruction of tooth-supporting tissues.

The oral cavity is a warm, moist environment where many species of commensal
and pathogenic bacteria come into contact with mucosal tissues and the teeth. The oral
cavity is unique in having a mucosal epithelium that is penetrated by the hard structures
of the teeth. This gingival epithelium has specialized regions associated with the gingival
tooth interface. The junctional epithelium forms a tight seal to the tooth and is adjacent
to the gingival sulcus. A bacterial biofilm adheres to the tooth surface and comes into
contact with the gingival epithelium in the gingival sulcus.

The oral mucosa is bathed in salivary secretions that play a complex role in the
oral cavity. Salivary secretions contain mucins and many antimicrobial proteins and
peptides. Mucins are glycoproteins secreted by the submandibular and sublingual
salivary glands. Mucins form a viscous layer that protects the gingival epithelium from
desiccation and mechanical, chemical and bacterial damage.

Neutrophils enter crevicular fluid at the gingival sulcus in response to chemotactic
signals from bacterial products and cytokines released by leukocytes and epithelial cells.
Neutrophils and other leukocytes defend epithelial cells against microbial damage by
phagocytizing micro-organisms and releasing antimicrobial substances. Evidence for the
importance of neutrophils in oral health comes from a number of congenital defects of
neutrophil function that lead to severe periodontal disease in young patients (1,2).

In addition to their barrier function, epithelial cells protect themselves and the
underlying tissues by producing protective mucins, immune-regulating cytokines, and
antimicrobial proteins and peptides.

Alpha (o) and Beta (B) Defensins

Cationic antimicrobial peptides (CAPs) are small, positively-charged peptides
with broad-spectrum antibiotic activity. They kill gram-negative and gram-positive
bacteria and fungi. CAPs are widely distributed in nature. They are found not only in
humans and other vertebrates, but in plants and insects. In humans, CAPs include:



* Alpha (o)-defensins, found in neutrophils (polymorphonuclear leukocytes)
and Paneth cells in the intestine.

* Beta (3)-defensins, found in epithelial cells of skin and mucosal tissues.

* Cathelicidin LL-37, produced by proteolytic cleavage of the CAP-18 protein
in neutrophils and epithelial cells.

* Histatins, produced by the salivary glands.

a-Defensins were the first to be discovered. There are four a-defensins named
HNP (human neutrophil peptide) 1-4 in human neutrophils (3,4). The a-defensins are
major neutrophil components. There are more molecules of defensins than any other
protein or peptide in neutrophils. Together they make up 6 to 7% of the total protein of
the cell. Most studies of human o-defensins have used HNP-1, which is the easiest to
purify.

B-Defensins were discovered later. There are at least four B-defensins, named
HBD (human beta defensin) 1-4, produced by epithelial cells in many tissues (5-8). HBD
1-3 have been detected in epithelial cells of the oral mucosa, gingival crevicular fluid
(GCF), and saliva. HBD-3 was first isolated from psoriatic scales of skin (9) and was
later found to be expressed in healthy and diseased skin, epithelial cells of the oral lining,
and esophageal mucosa (10). HBD-4 has not been detected in oral tissues but is found in
testicle, uterus and stomach (11).

B-Defensins are present in small amounts. It isn’t possible to purify enough 3-
defensins from human tissues to study antimicrobial activity. Recently, B-defensins have
been produced by two techniques—chemical synthesis and recombinant DN A technology.
It’s now possible to study antimicrobial activity using synthetic or recombinant [3-
defensins. Most studies have used HBD-3, which has the strongest activity against many
of the micro-organisms that have been tested (11-13).

Figure 1.1 shows sequences (14) of the neutrophil o-defensins HNP 1-4 and the
epithelial cell B-defensins HBD 1-4. Because a- and B-defensins are products of
different genes, they have different amino acid sequences. The common feature of o- and
B-defensins is that they have six cysteine residues linked in three intra-molecular
disulfide bonds. As seen in Figure 1.1, the position of the cysteine residues in the
sequence is different in o~ and B-defensins.

Table 1.1 summarizes physical properties of the o- and B-defensins. Human 3-
defensins are larger than a-defensins. They have about the same number of amino acids
with hydrophobic side chains, but have more amino acid residues with cationic side
chains and a stronger net positive charge.

Figure 1.2 compares the amino acid sequences and disulfide linkages of HNP-1
and HBD-3. HNP-1 has 30 amino acid residues and a molecular weight of 3442. HBD-3
has 45 residues and a molecular weight of 5155. The cysteine residues are numbered 1 to
6 from the N-terminus. In o-defensins, the disulfide linkages are 1-6, 2-4 and 3-5. In j3-



HNP-1

HNP-2

HNP-3

HNP-4

HBD-1

HBD-2

HBD-3

HBD-4

ACYCRIPACIAGERRYGTCIYQGRLWAFCC

CYCRIPACIAGERRBRYGTCIYQGRLWAFCC

DCYCRIPACIAGERRYGTCIYQGRLWAFCC

VCSCRLVFCRRTELRVGNCLIGGVSFTYCCTRVD

GNFLTGLGHRSDHYNCVSSGGQCLYSACPIFTKIQGTCYRGKAKCCK

GIGDPVTCLKSGAICHPVFCPRRYKQIGTCGLPGTKCCKKP

GIINTLQKYYCRVRGGRCAVLSCLPKEEQIGKCSTRGRKCCRRKK

EFELDRICGYGTARCRK-KCRSQEYRIGRCPN-TYACCLRKWDESLLNRTKP

Figure 1.1 Amino acid sequences of human leukocyte a-defensins and epithelial cell B-defensins
Shaded areas indicate positions of the six conserved cysteine (C) residues. Spaces have been added to the HBD-4
sequence to improve alignment of the cysteine residues.



Table 1.1. Summary of composition of HNP 1-4 and HBD 1-4

Defensin Total Hydrophobic Cationic Net

residues residues residues charge
HNP-1 30 4 3
HNP-2 29 4 3
HNP-3 30 A +2
HNP-4 34 11 5 3
HBD-1 47 10 ] 7
HBD-2 41 9 ] 7
HBD-3 45 9 13 1
HBD-4 50 9 12 16

Hydrophobic residues found in the peptides include alanine (A), isoleucine (I),
leucine (L), phenylalanine (F), and valine (V). Cationic residues include histidine
(H), lysine (K), and arginine (R).
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Figure 1.2 Sequences of HNP-1 and HBD-3
Lines indicate disulfide bonds between cysteine residues.



defensins, the linkages are 1-5, 2-4 and 3-6. Therefore, the peptides are folded differently
and have different 3-dimensional shapes (15,16). Another difference is that HBD-3 has a
higher positive charge. HNP-1 has four positively-charged arginine (R) residues and one
negatively-charged glutamate (E) residue, for a net charge of +3. HBD-3 has seven
arginine (R) residues, six positively-charged lysine (K) residues, and two glutamate (E)
residues for a net charge of +11. The strong antimicrobial activity of HBD-3 may be due
in part to its large net positive charge.

Another difference in the structures is that HBD-3 has additional residues at the
N-terminus and C-terminus. The N-terminal region of HBD-3 is hydrophobic, with two
isoleucine (I) residues and one leucine (L) residue before the first cysteine. HNP-1 has
only one hydrophobic residue, alanine (A) before the first cysteine. The C-terminal
region of HBD-3 is cationic, with two arginine (R) and two lysine (K) residues beyond
the last cysteine. HNP-1 has no additional residues at the C-terminus. These structural
differences could result in differences in antimicrobial activity.

Differences in assay conditions in vitro could also contribute to differences in
antimicrobial activity of o- and B-defensins. Human o-defensins are most active against
metabolically-active bacteria (3). For this reason, they are usually assayed in dilute
culture medium. The activity of human -defensins may not be influenced by the
metabolic state of the bacteria. They are usually assayed in buffer without nutrients (e.g.
refs. 17-21). The activity of defensins in vitro can also be influenced by the presence of
salt, divalent cations and protein (16,22).

Defensins and Oral Health

o-Defensins in Oral Tissues

Neutrophil o-defensins are thought to protect the junctional epithelium and teeth.
o-Defensins are found in junctional epithelium (23,24). B-Defensins have not been
detected in the junctional epithelium (25,26).

o-Defensins in Saliva

Neutrophil o-defensins are stored in the active form at high levels in cytoplasmic
secretory granules and are released into phagolysosomes or the extracellular phase during
degranulation. Neutrophils enter crevicular fluid at the gingival sulcus. Neutrophils lyse
as crevicular fluid flows into low ionic strength saliva. Goebel et al. (27) used LC/MS
(liquid chromatography/mass spectrometry) to measure o-defensins in clarified mixed
saliva from normal healthy subjects and reported HNP-1 and HNP-2 concentrations of
8.6 £ 8.0 ug/mL and 5.6 = 5.2 pg/mL. These levels correspond to concentrations of
254+23and 1.7+ 1.5 uM.



Mizukawa et al. (28) measured HNP-1 in saliva by HPLC (high pressure liquid
chromatography) and reported levels of 0.8 ug/mL (about 0.2 uM) in normal subjects and
levels about 10-fold higher in saliva from patients with oral inflammation.

Piitsep et al. (29) measured levels of a-defensins and LL-37 in neutrophils, blood
plasma and saliva from normal controls and individuals with the genetic disorder morbus
Kostmann, which results in severe congenital neutropenia. The neutropenia was
corrected by treating patients with granulocyte-colony stimulating factor (GCSF), but the
patients continued to have severe infections and periodontal disease. The neutrophils of
GCSF-treated patients had a normal respiratory burst and normal levels of the granule
protein lactoferrin, but the HNP-1 level was only 30% of that in controls, and the LL-37
level was only 1 to 2% of that in controls. This study indicates the importance of
neutrophil antimicrobial peptides in controlling pathogenic bacteria including periodontal
pathogens, but suggests that LL-37 plays a more important role in this disorder.

Tao et al. (30) measured antimicrobial peptides in clarified mixed saliva from 149
middle school children and looked for a correlation with caries experience of the children.
ELISA or slot-blot immunological assays were used to assay HNP 1-3, HBD-3 and LL-
37. The median values for HNP 1-3, HBD-3 and LL-37 were 0.61, 0.31 and 3.07 ug/mL,
respectively. These values correspond to concentrations of about 0.18 uM HNP 1-3, 0.06
uM HBD-3, and 0.74 uM LL-37. The median level of HNP 1-3 in saliva from caries-free
children (0.89 pg/mL) was significantly higher than that in saliva from children with
caries (0.5 pg/mL). Levels of HBD-3 and LL-37 did not correlate with caries experience.
Dale et al. (31) proposed that low levels of a-defensins in saliva may lead to greater
caries-susceptibility.

Fanali ef al. (32) found that a-defensins were significantly lower in saliva of
edentulous patients than in that of age-matched controls with at least 25 teeth. It was
proposed that a-defensins are lower in saliva of edentulous patients due to the absence of
creviculae where neutrophils enter the oral cavity and that low a-defensin levels in
edentulous patients could contribute to their increased risk of oral infection.

o-Defensins in GCF

McKay et al. (33) recovered HNP 1-3 from gingival crevicular fluid (GCF) with
antibody-coated beads and measured the o-defensins using ELISA. HNP 1-3 were
detected at all sites tested and ranged from 270 to 2000 ng/site. The local a-defensin
concentration was estimated to be in the mg/mL range.

Lundy et al. (34) used MALDI-TOF (matrix-assisted laser desorption and
ionization-time of flight) MS to detect HNP 1-3 in GCF from 11 periodontitis patients
and 12 healthy control subjects. The technique was not quantitative, but samples were
scored based on the relative intensity of the characteristic triad of HNP 1-3 peaks in the



samples. Of the samples from healthy subjects, 42% were given the maximum score for
HNP 1-3, while only 18% of the samples from periodontitis patients were given the
highest score.

Bostanci et al. (35) used ELISA to measure HNP 1-3 in GCF from 5 generalized
aggressive periodontitis patients and 5 healthy subjects. The o-defensins were not
detected in samples from diseased subjects, but the level was 0.125 £ 0.129 pg/mL in
samples from healthy subjects.

Ngo et al. (36) analyzed GCF from inflamed sites of patients with a history of
periodontal disease but in the maintenance phase of treatment. The o-defensins HNP 1-3
were detected in all of the unfractionated GCF samples analyzed by MALDI-TOF MS.

Contrasting results were obtained by Puklo ef al. (37). HNP 1-3 levels were
measured by ELISA in GCF from severe periodontitis patients with no known congenital
deficiency or dysfunction of neutrophils and compared with levels in healthy controls. -
Defensin levels were 1.2, 17.6, and 73.9 pg/mL in GCF from normal controls, aggressive
periodontitis, and chronic periodontitis, respectively. Concentrations were 0.3, 5.1, and
21.5 uM based on an average molecular weight for the o-defensins.

Measurements of a-defensins varied in these studies with some authors reporting
higher levels in GCF from periodontitis patients and others reporting higher levels in
GCF from healthy subjects. These variations may result from differences in site
selection, sampling techniques, and sample handling procedures. Proteolysis of the o-
defensins by enzymes from neutrophils or periodontal pathogens may also influence the
results.

B-Defensins in Oral Tissues

B-Defensins are expressed in gingiva, tongue, salivary glands and mucosa (38). In
human gingival tissue, HBD-1 and HBD-2 were expressed in normal, non-inflamed tissue
(23). The highest levels of expression were at the gingival margin near the site of plaque
formation and within the sulcular epithelium during states of inflammation. In contrast,
HBD-3 expression was observed primarily in the basal layer, as well as in Merkel and
Langerhan cells, in healthy tissue. However, the expression pattern changed in persons
with periodontitis, with HBD-3 expression extending to the superficial spinous layers
(39). HBD-2 and HBD-3 mRNA levels were increased in biopsies from periodontitis
tissue (40).

HBD-3 expression was upregulated in oral epithelial cells by interferon-gamma
(10), various bacteria (9), and by A.a. (41). Significantly higher levels of HBD-3
expression were found in healthy tissues as compared with diseased tissues. High levels
of HBD-3 mRNA in healthy tissues suggest a potentially important protective role for 3-
defensins in the host immune response to infection by periodontal pathogens.



B-Defensins in Saliva

Mathews et al. (38) detected HBD-1 and HBD-2 in saliva with an immunological
Western blot technique. As described above, Tao et al. (30) measured HBD-3 in
unstimulated whole saliva from children. The median HBD-3 concentration was 0.31 pg/
mL (0.06 uM). The maximum HBD-3 level measured was 6.2 pg/mL or 1.2 uM. Local
concentrations of B-defensins at the epithelial cell surface are probably much higher than
those detected after dilution into saliva.

B-Defensins in GCF

Diamond et al. (42) used antibody-capture SELDI-TOF MS to detect HBD-1 and
HBD-2 in GCF. The major secreted forms were 47 and 41 amino acid long, consistent
with sequences shown in Figure 1.1. HBD-3 was not detected.

Brancatisano et al. (43) reported that HBD-3 was readily detected in GCF of
healthy individuals by ELISA, but was drastically reduced in GCF from periodontitis
patients. Genetic factors and destruction of HBD-3 by bacterial proteases were proposed
as possible reasons for the inverse correlation of HBD-3 levels with severity of disease.

Defensins and Periodontal Pathogens

Periodontal pathogens are bacteria that are often found at sites of gingivitis and
periodontitis and which have a role in the disease process (44-46). Many periodontal
pathogens are gram-negative anaerobic bacteria including Aggregatibacter
actinomycetemcomitans (A.a.), Porphyromonas gingivalis (P.g.), Prevotella intermedia
(Pi.), Prevotella denticola (Pd.), and Fusobacterium nucleatum (F.n.).

All of these bacteria are resistant to the antimicrobial action of human o-defensins
in vitro (47-50). Resistance to a-defensins of human neutrophils is probably important to
the ability of these bacteria to survive and cause disease in a neutrophil-rich environment
like inflamed oral tissues (51,52).

These bacteria are not resistant to all cationic antimicrobial peptides. They are
killed by the rabbit a-defensin NP-1 (53) and by protegrins, small defensin-like cationic
peptides isolated from pig neutrophils (47,48).

These periodontal pathogens are also killed by human -defensins in vitro
(6,17,19-21,54). HBD-3 is the most active B-defensin. B-Defensins are probably
important in protecting epithelial cells and the underlying oral tissues of healthy
individuals against gram-negative periodontal pathogens.



Oubhara et al. (20) studied the periodontal pathogens A4.a., Pg., Pi. and Fn. and
found all were susceptible to the bactericidal activity of B-defensins, but there was
variability in the degree of activity against the different bacteria and different strains. All
Fn. strains showed the highest sensitivity to HBD-3 compared with those of other
bacteria.

The resistance of periodontal pathogens to human leukocyte o-defensins and the
ability of human epithelial cell -defensins to kill these bacteria is probably a result of
differences in structure of the two classes of peptides. Differences in defensin structure
could have effects on the ability of defensins to bind to bacteria or to insert into bacterial
membranes.

HBD-3 Structure and Antimicrobial Activity

Miyasaki et al. (53) showed that the rabbit defensin NP-1 killed 4.a. NP-1 has
two hydrophobic valine residues at the N-terminus before the first cysteine and two
cationic arginine residues at the C-terminus after the last cysteine. In contrast, the HNP-2
sequence begins and ends with cysteine and has no additional residues (Figure 1.1). Raj
et al. (49) synthesized analogs of HNP-2 with additional hydrophobic or cationic residues
at the N- or C-terminus. The most effective analog had two arginine residues added at
both the N-terminus and C-terminus. This peptide RR-HNP2-RR was more effective
than HNP-1 against Streptococcus mutans (S. mutans) and Candida albicans (C.
albicans) as well as the periodontal pathogens 4.a. and Pg. The analog with valine at the
N-terminus and arginine at the C-terminus, VV-HNP2-RR, also killed 4.a. but was much
less active, with an LD90 of 25 uM vs. 1 uM for RR-HNP2-RR. This observation
suggests that the additional residues at the N- and C-terminus of B-defensins account for
their greater activity than o-defensins against periodontal pathogens. The results also
suggest that increasing the net charge of the defensin is more important than adding
hydrophobic residues (55).

Wau et al. (56) synthesized HBD-3 analogs with all possible disulfide pairings and
also a linear form with the cysteine residues replaced by o-amino isobutyric acid. Tests
of the antimicrobial activity of these analogs against Escherichia coli (E. coli) ATCC
25922 showed that the disulfide bonds of HBD-3 were not required for antimicrobial
activity. All the analogs had similar activities against E. coli, indicating that cysteine
residues or a particular arrangement of disulfide bonds was not required for antibacterial
activity. Studies with intestinal mouse o-defensins known as cryptdins suggested that a
major function of the highly conserved disulfide bonds is to protect defensins from
proteases (57,58).

Kliiver et al. (59) studied the influence of disulfide bonds and cysteine
substitution on antimicrobial activity. They concluded that positively-charged peptides
with high hydrophobicity such as native HBD-3 exhibit high antimicrobial activity. They
reported that an HBD-3 analog missing the first 5 N-terminal amino acids retained full
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antimicrobial activity against E. coli DSM 1103. Analogs of the N-terminally truncated
HBD-3 with different disulfide pairings or no disulfide bonds also had strong
antimicrobial activity. These results suggest that disulfide bonds and the hydrophobic N-
terminus of HBD-3 were not important for activity against £. coli, but activity against
periodontal pathogens was not tested.

Peptides were synthesized that correspond to the N-terminal and C-terminal
regions of HBD-3, and their antimicrobial activity was tested against a wide variety of
micro-organisms (60). However, activity of these peptides against periodontal pathogens
was not tested. Figure 1.3 compares sequences of the peptides with the sequence of
HBD-3.

The synthetic peptide known as CHRGO7 corresponds to the seventeen N-
terminal residues of HBD-3 but with serine (S) replacing the one cysteine (C) residue to
prevent disulfide bond formation. It contains the 4 hydrophobic and 4 cationic amino
acid residues of the N-terminal sequence of HBD-3. It has a net charge of +4 and a
molecular weight of 1981.

The CHRGO7 peptide resembles HBD-3 in that it has a hydrophobic N-terminus
and a cationic C-terminus. However, CHRGO7 was much less active than HBD-3 against
E. coli (60). The CHRGO7 peptide did have measurable activity against both gram-
negative and gram-positive bacteria and the fungus C. albicans. 1t had strong activity
against certain pathogenic bacteria.

The synthetic peptide known as CHRGO1 corresponds to the fourteen C-terminal
residues of HBD-3 but with serine (S) replacing the three cysteine (C) residues. The
CHRGO1 peptide contains no hydrophobic amino acid residues, but has eight cationic
residues. It has a net charge of +8 and a molecular weight of 1662.

The N-terminal residues of CHRGO1 are lysine (K) and serine (S). The peptide
does not contain the GKC sequence found in HBD-3. A GXC sequence is found near the
C terminus in all mammalian defensins. Evidence has been presented that the glycine (G)
residue and the GXC sequence are important to correct folding, disulfide bond formation,
and antimicrobial activity (61). Therefore, CHRGO1 does not have a feature that was
reported to be important to defensin activity. Nevertheless, CHRGO01 was about twice as
active as HBD-3 against E. coli on a molar basis and about six times as active on a weight
basis. CHRGO1 was also active against gram-negative Pseudomonas aeruginosa but had
little or no activity against gram-positive bacteria or C. albicans.

LPS and Gram-negative Periodontal Pathogens
Gram-negative bacteria have an outer membrane and an inner membrane.

Lipopolysaccharide (LPS) makes up the outer layer of the outer membrane of gram-
negative bacteria (62,63). Each bacterial cell is covered by about 2 million LPS
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Figure 1.3 Sequences of HBD-3 and peptides CHRG07 and CHRGO01
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molecules. LPS participates in physiological membrane functions and is essential for
bacterial growth and viability (64). LPS represents a primary taiget for interactions with
antibacterial drugs and components of the host immune system (65).

Each LPS molecule (Figure 1.4) has 3 segments consisting of oligosaccharide,
core, and lipid A. The oligosaccharide (O-antigen) segment is made up of a long
carbohydrate polymer with a repeating pattern of 6-carbon sugars (hexoses) and is
attached to a glucose residue of the core segment. O-antigen structures are highly
variable, compared with those of the core and lipid A, possibly helping bacteria evade the
immune system (64).

The core consists of a short carbohydrate polymer with hexoses and unusual 7-
and 8-carbon sugars. Phosphate groups, which add negative charges, and ethanolamine
groups, which add positive charges, are often attached to the core region. The core
segment is covalently bound to the lipid A segment.

Lipid A, the hydrophobic anchor of LPS, is a glucosamine-based phospholipid
that makes up the outer monolayer of the outer membrane of most gram-negative
bacteria. The characteristic structural features of lipid A are two amino-sugars with
phosphate groups. The phosphate groups are needed to trigger the endotoxin response in
human cells (64,66). Usually six fatty acids containing long hydrocarbon chains, which
are oily and hydrophobic, are attached to the amino sugars. The lipid A segment holds the
LPS molecule in the outer membrane of the gram-negative organism. LPS and lipid A are
potent activators of macrophages, resulting in the rapid induction of the synthesis of
tumor necrosis factor (67), interleukin 1 (66), and other proteins.

Figure 1.4 also shows structures that can be obtained by chemical treatment of
LPS and which were used in this study. Alkaline hydrolysis of LPS removes the fatty
acids leaving deacylated-LPS (deacyl-LPS), which is also known as detoxified LPS
because the endotoxin activity is lost. Acid hydrolysis of LPS removes the
oligosaccharide and core segments, leaving the lipid A segment. Purified lipid A has the
full endotoxin activity of LPS (64,68).
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Figure 1.4. Representations of LPS, deacyl-LPS, and lipid A structures
Sugars are represented by hexagons, phosphate groups by P, and fatty acids by
pleated lines.
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CHAPTER 2. SPECIFIC OBJECTIVES

The overall objective of this study was to study differences in the properties of
human o~ and B-defensins that might account for the resistance of periodontal pathogens
to o-defensins and their susceptibility to 3-defensins.

The first objective was to determine whether the -defensin HBD-3 is more
effective than the oi-defensin HNP-1 against the periodontal pathogen A4.a. and non-
pathogenic gram-negative E. coli bacteria when tested under the usual conditions for 3-
defensins (in buffer solution) and the usual assay conditions for a-defensins (in buffer
with dilute culture medium to permit bacterial metabolism and growth). The aim of these
experiments was to determine whether A4.a. is killed by HBD-3 but resistant to HNP-1
under all conditions or whether differences in assay conditions account for the differences
in results reported in previous studies.

The second objective was to determine whether the additional amino acid residues
at the N-terminus and C-terminus of HBD-3 can account for HBD-3 activity against4.a.
The synthetic peptides CHRG07 and CHRGO1 were incubated with A.a. and E. coli to
determine whether killing of 4.a. and control bacteria was accounted for by the mixture
of hydrophobic and cationic residues at the N-terminus of HBD-3 or the cationic residues
at the C-terminus.

The third objective was to determine whether HBD-3 binds to purified LPS and
whether there is any difference in HBD-3 binding to LPS from 4.a. or E. coli. Binding
was evaluated by the ability of purified LPS to absorb HBD-3 and block killing of4.a. or
E. coli. Binding to purified LPS could indicate that LPS is the receptor for HBD-3 on the
outer membranes of 4.a. and other gram-negative bacteria.

The fourth objective was to determine whether the hydrophobic fatty acids of the
lipid A portion of LPS is the site where HBD-3 binds to LPS. The ability of purified lipid
A and deacyl-LPS to absorb HBD-3 and block killing of bacteria was evaluated. If lipid
A blocked but deacyl-LPS did not, the results would indicate that HBD-3 binds to the
fatty acids of lipid A. Binding of the hydrophobic N-terminus of HBD-3 to the
hydrophobic portion of LPS might account for the activity of HBD-3 againstA4.a.
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CHAPTER 3. MATERIALS AND METHODS

Materials

Chemicals

Bovine serum albumin was from Sigma Aldrich Chemical Co., St. Louis, MO.
Sodium bicarbonate, triethylamine, and hydrochloric acid were from Fisher Scientific,
Pittsburgh, PA. Bacto-agar and Trypticase Soy Broth (TSB) were from Becton
Dickinson, Sparks, MD.

Antimicrobial Peptides

HNP-1 was purified from a 10% acetic acid extract of human neutrophil granules
by the method of Ganz et al. (3) in the laboratory of Dr. Thomas at the UTHSC College
of Dentistry. The protein concentration of purified HNP-1 was determined by the method
of Lowry et al. (69) with bovine serum albumin as the standard.

Four 1 mg vials of sterile recombinant HBD-3 were purchased from ProSpec-
Tany TechnoGene Ltd., Rehovot, Israel. HBD-3 was provided as a lyophilized powder
without additives and was stored dry at -80°C until needed. HBD-3 (1.0 mg) was
dissolved in 0.647 mL 0.01% acetic acid to give a 300 uM solution, assuming a
molecular weight of 5155. The 300 uM HBD-3 solution was aliquoted and stored at
-80°C. Solutions of 100, 50, 30, and 10 uM HBD-3 were prepared by dilution of the 300
uM solution in 0.01% acetic acid and stored at -80°C.

CHRGO07 and CHRGO1 were synthesized by American Peptide Co, Inc.,
Sunnyvale, CA. Peptides were provided as lyophilized dry powders with trifluoroacetate
as a counter ion.

A certificate of analysis was provided for each peptide. Purity was 95.6% and
98.6% for CHRGO07 and CHRGO1, respectively. Purity was calculated from the areas of
major and minor peaks on an HPLC chromatogram. The amino acid composition was
determined for each peptide and was within expected error limits of the composition of
the requested sequence. Molecular weights of 1982 and 1662 were determined for
CHRGO07 and CHRGO1 by electrospray liquid chromatography mass spectrometry (LC/
MS) and were close to or the same as the calculated values of 1981 and 1662.

One vial containing 5 mg net peptide weight was provided for each peptide. The
peptides were stored dry at -80°C until they were solubilized. Molecular weights of 1981
and 1662 were calculated for CHRGO07 and CHRGO1, respectively. CHRGO7 (5.0 mg)
was dissolved in 2.523 mL 0.01% acetic acid to give a 1000 uM solution, assuming a
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molecular weight of 1981. Solutions of 300, 100, 50, 30, and 10 uM CHRGO07 were
prepared by dilution of the 1000 uM CHRGO7 solution in 0.01% acetic acid. CHRGO1
(5.0 mg) was dissolved in 3.008 mL 0.01% acetic acid to give a 1000 uM solution,
assuming a molecular weight of 1662. Solutions of 300, 100, 50, 30, and 10 uM
CHRGO1 were prepared by dilution of the 1000 pM CHRGO1 solution in 0.01% acetic
acid. The peptide solutions were aliquoted and stored at -80°C.

LPS, Deacyl-LPS, and Lipid A

LPS from E. coli of serotype O111:B4 was purchased from List Biological
Laboratories, Campbell, CA. A4.a. LPS was purified from the Y4 strain in the laboratory
of Dr. Jegdish Babu at the UTHSC College of Dentistry using the method of Millar ef al.
(70) in which LPS is extracted from an outer membrane fraction (71) by the hot water-
phenol method of Westphal and Jann (72).

Deacylated (detoxified) LPS (deacyl-LPS), prepared by alkaline hydrolysis (73) of
LPS from E. coli serotype O111:B4, was purchased from Sigma Aldrich Chemical Co.
Lipid A (diphosphoryl) prepared by acid hydrolysis (74) from LPS of the rough (Re)
mutant £. coli K12-D31m4 was purchased from List Biological Laboratories Inc.

LPS and deacyl-LPS were dispersed in water or 10 mM potassium phosphate pH
7.4 buffer by incubating 5 min in a sonicator bath at 25°C. Lipid A was solubilized with
triethylamine by the procedure of Tanamoto et al. (75).

Bacteria

All bacterial strains were obtained from the American Type Culture Collection
(ATCC), Manassas, VA. E. coli ML-35 (ATCC 43827) was used as the standard test
organism for measuring defensin activity. The Y4 strain of A.a. (ATCC 43718) is
serotype b.

Methods

Bacterial Inocula

E. coli ML-35 bacteria were grown to early stationary phase in Medium A-
Glucose (0.06 M potassium phosphate, 1.7 mM sodium citrate, 7.6 mM ammonium
sulfate, 0.014 mM magnesium sulfate, 20 mM glucose) (76). A.a. bacteria were grown as
indicated below in filter-sterilized Trypticase soy broth (TSB). Portions (1.5 mL) of the
bacterial cultures were frozen at -80°C. The frozen cultures were used to inoculate
cultures for experiments.
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Bacterial Cultures

An inoculum was thawed and a 1 mL portion was added to 100 mL of TSB. E.
coli ML-35 bacteria were grown for 16 h to stationary phase in foam-stoppered flasks at
37°C with continuous mixing in a rotary shaker for aeration. 4.a. Y4 was grown for 24 h
to stationary phase at 37°C with continuous mixing in sealed 100 mL bottles to restrict
aeration. Media for both liquid and solid cultures of 4.a. were sterilized by ultrafiltration
through 0.2 micron nitrocellulose filters (Nalgene Co., Rochester, NY). Media for liquid
cultures of E. coli were sterilized by ultrafiltration, and media for solid-phase cultures of
E. coli were sterilized by autoclaving.

For experiments with E. coli, the bacteria in a 10 mL portion of a stationary phase
culture were collected and washed twice by centrifugation at 17,000 x g for 12 min at 4°C
with 10 mM potassium phosphate pH 7.4 buffer. The washed bacteria were suspended in
the buffer solution to an optical density of 0.6 at 600 nm to give 2 x 10% colony forming
units (CFU)/mL.

For experiments with 4.a., a portion of a 24 h culture was diluted 10 fold to 1 x
103 CFU/mL with 10 mM phosphate buffer at 25°C and used immediately.

Antibacterial Assay

Bacteria (10® CFU/mL) in 100 pL total volume (E. coli) or 200 pL total volume
(4.a.) were incubated with gentle mixing in 10 mM potassium phosphate pH 7.4 buffer
with or without 1% TSB. Antimicrobial peptides and LPS were added in various
concentrations as indicated for each experiment. Incubation mixtures with E. coli were
incubated 2 or 4 h at 37°C aerobically in 1.8 mL polypropylene vials. Incubation
mixtures with 4.a. were incubated 2 or 4 h at 37°C in 96-well plates that were placed
inside Anaerogen™ GasPak Pouch™ Anaerobic System (Oxoid Ltd., Basingstoke,
Hampshire, England) to lower the oxygen (O2) concentration and raise the carbon dioxide
(CO2) concentration. At the end of the incubation, the number of viable bacteria was
determined by making serial 1:10 dilutions in sterile 10 mM phosphate pH 7.4 buffer,
plating 0.8 mL portions of the dilutions on solid growth medium (TSB/2% agar), and
counting bacterial colonies after 1 to 2 days at 37°C. E. coli bacteria on solid media were
incubated under air at 37°C. A.a. bacteria on solid media were incubated under 95% air/
5% COz at 37°C. The number of viable bacteria/mL in the incubation mixture was
calculated.

Estimated Molecular Weights of LPS, Deacyl-LPS, and Lipid A
Molecular weights were estimated or calculated for LPS, deacyl-LPS, and lipid A

so that the number of molecules needed to block killing by HBD-3 could be determined.
All LPS preparations are heterogeneous due to variation in the number of repeating units
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in the oligosaccharide part and varying amounts of substitution in the core. An average
molecular weight of 10,000 Da was reported (77) for LPS of E. coli serotype O111:B4
and was used in calculations in this study. Because no estimates for the molecular weight
of LPS from the A4.a. Y4 strain were found, the same value of 10,000 Da was used.

Figure 1.4 shows schematic representations of the structure of LPS, deacyl-LPS,
and lipid A. Based on the structure, a molecular weight of 8,704 was calculated for
deacyl-LPS. The calculation is based on subtracting the molecular weights of one 12-
carbon fatty acid, one 14-carbon fatty acid, and four 14-carbon beta-hydroxy fatty acids
from 10,000, and adding the molecular weight of six water molecules. A molecular
weight of 1,797 was calculated for lipid A.

Data Analysis

All experiments were performed at least twice with duplicate samples. The mean
+ S.E. (Standard Error), the number of values averaged (n), and the p (probability) value
were determined. Statistical significance was evaluated by Analysis of Variance
(ANOVA) followed by Schefte’s f test to calculate p values using StatView 5.0 software.
Values less than 0.05 were considered significant.
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CHAPTER 4. RESULTS

Activity of HNP-1 and HBD-3 under Differing Assay Conditions

Our first objective was to compare the activity of o--defensin HNP-1 and [-
defensin HBD-3 in vitro against the periodontal pathogen 4.a. and the control bacteria E.
coli. We wanted to know whether HBD-3 is really more active than HNP-1 against 4.a.
or whether the reported differences in results were due to differences in assay conditions.
In previous studies, o~ and B-defensins were assayed under different conditions, which
could result in differences in activity.

To assay antibacterial activity, bacteria at 10° CFU/ml were incubated at 37°C
with increasing concentrations of HNP-1 or HBD-3. These incubations were carried out
in dilute culture medium (1% TSB) with low ionic strength buffer (10 mM phosphate, pH
7.4) or in the low ionic strength buffer without nutrients. The dilute culture medium gave
the bacteria all the nutrients needed for energy metabolism and growth. These are the
usual assay conditions for a-defensins. In contrast, B-defensins are usually assayed in
low ionic strength buffer without nutrients.

Incubations with 4.a. were carried out in multi-well plates, each placed inside an
Anaerogen™ GasPak Pouch™ to lower the O concentration and raise the COz levels.
These are better conditions for 4.a. growth. E. coli were incubated in air. After
incubation with HNP-1 or HBD-3, the number of live bacteria was determined by
diluting, plating, and counting colonies.

Figure 4.1 shows results of the a-defensin HNP-1 activity assay with the target
organism E. coli in dilute culture medium. The bacteria started at a concentration of 10°
CFU/ml and increased nearly 100-fold to about 108 CFU/ml during the 4 h incubation
period. When HNP-1 was present during the incubation, there was little effect up to the 1
UM HNP-1 concentration, but with increasing concentrations an effect was seen at 3 uM
and higher. HNP-1 at 3 to 10 uM killed 99% of the bacteria.

Figure 4.2 shows similar results were obtained with the 3-defensin HBD-3 against
the target organism E. coli under the same assay conditions. Concentrations of 5 to 10
uM HBD-3 gave 90 to 99% killing of E. coli.

Compared with the rapid growth of E. coli, A.a. grew slowly under these assay
conditions, as shown in Figure 4.3. HNP-1 did not kill 4.a. at concentrations up to 30
UM. Therefore, 4.a. was resistant to HNP-1 under these conditions. On the other hand,
HBD-3 caused significant killing of 4.a. starting at the 3 UM concentration, as shown in
Figure 4.4. HBD-3 was even more effective against 4.a. (Figure 4.4) than against E. coli
(Figure 4.2).
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HNP-1, 10.0 uM 0.005 0.001 5 0.001*
HNP-1,30.0 uM 0.001 0.001 4 0.003*

Figure 4.1. HNP-1 kills E. coli in dilute culture medium

E. coli bacteria (10%/ml) were incubated 4 h at 37°C in dilute culture medium without
HNP-1 (control; white bar) or with 0.3 to 30 uM HNP-1 (gray bars). Values shown on the
logarithmic scale in the bar graph are shown in linear form in the table below the graph.

* Significantly different from the control value without HNP-1.
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HBD-3,3 uM 0.522 0.330 6 <0.0001*
HBD-3, 5 uM 0.129 0.097 6 <0.0001*
HBD-3, 10 uM 0.026 0.021 6 <0.0001*
HBD-3, 30 uM 0.000 0.000 5 <0.0001*

Figure 4.2. HBD-3 Kills E. coli in dilute culture medium
E. coli bacteria (10%/ml) were incubated 4 h at 37°C in dilute culture medium without
HBD-3 (control; white bar) or with 1 to 30 uM HBD-3 (gray bars).
* Significantly different from the control value without HBD-3.
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Figure 4.3. HNP-1 does not kill A.a. in dilute culture medium
A.a. bacteria (10%/ml) were incubated 4 h at 37°C in dilute culture medium without HNP-1
(control; white bar) or with 0.3 to 30 uM HNP-1 (gray bars).
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Conditions (106 CFU/ml) S.E. n P Value
Control (4 h, 37°C) 1.769 0.329 4 —
HBD-3,1 uM 1.773 0.549 4 1.0
HBD-3,3 uM 0.088 0.041 4 0.02%
HBD-3,5uM 0.004 0.002 4 0.01%
HBD-3, 10 uM 0.000 0.000 4 0.01%
HBD-3, 30 uM 0.000 0.000 4 0.02%

Figure 4.4. HBD-3 Kills A4.a. in dilute culture medium
A.a. bacteria (10%/ml) were incubated 4 h at 37°C in dilute culture medium without HBD-3
(control; white bar) or with 1 to 30 uM HBD-3 (gray bars).

* Significantly different from the control value without HBD-3.
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The results show A.a. was resistant to HNP-1 but killed by HBD-3 when assayed
under the usual conditions for measuring o-defensin activity. HNP-1 had little or no
effect on A.a. under these conditions. However, the B-defensin HBD-3 was active against
both E. coli and A4.a. in dilute culture medium.

Figures 4.5 through 4.8 show results obtained with assays in buffer rather than in
dilute culture medium. Figure 4.5 shows results of incubating the a-defensin HNP-1 with
the target organism E. coli in buffer without nutrients for 2 h. These are the usual assay
conditions for B-defensins. There was little or no growth of E. coli during the incubation
without nutrients and no statistically significant killing by up to 30 uM HNP-1. HNP-1
caused only a small loss of viability of E. coli under these conditions. The difference in
results in Figures 4.1 and 4.5 explains why HNP-1 and other a-defensins are usually
assayed in dilute culture medium rather than in buffer without nutrients. These results are
consistent with reports that HNP-1 kills only metabolically active bacteria (3). The 10
mM phosphate buffer does not provide E. coli with the nutrients needed to be
metabolically active.

Figure 4.6 shows -defensin HBD-3 was less effective against E. coli under these
assay conditions compared with activity in dilute growth medium (Figure 4.2). However,
30 uM HBD-3 killed 90% of the E. coli even under these assay conditions.

Figure 4.7 shows HNP-1 up to 30 uM had no activity against 4.a. in the buffer
without nutrients. In contrast, Figure 4.8 shows HBD-3 was highly effective in killing
A.a. under these assay conditions. With 5 to 10 uM HBD-3, 90 to 99% killing was
achieved.

The results show 4.a. was resistant to HNP-1 and that HBD-3 was highly
effective against 4.a. regardless of the assay conditions. Therefore, our results confirm
that 4.a. is resistant to HNP-1 but not HBD-3. In addition, we found the presence or
absence of nutrients had a significant effect on activity of HNP-1 and HBD-3 against E.
coli but little effect on results with 4.a. as the target bacteria.

Activity of Synthetic Peptides

Our second objective was to determine whether the additional amino acid residues
at the N-terminus and C-terminus of HBD-3 account for the greater activity of HBD-3
against 4.a. compared with HNP-1. To test effects of the N- and C- terminus of HBD-3,
we used peptides originally described by Hoover et al. (60) and referred to as CHRGO7
and CHRGO1 (Figure 1.3). CHRGO7 is a 17 amino acid peptide corresponding to the N-
terminal region of HBD-3. CHRGO1 is a 14 amino acid peptide corresponding to the C-
terminal region of HBD-3. In these synthetic peptides, serine (S) replaces cysteine (C) to
prevent formation of disulfide bonds. We had these two peptides synthesized for this
study.
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Conditions (106 CFU/ml) S.E. n P value
Control (2 h, 37°C) 1.237 0.225 4 —
HNP-1, 1 uM 1.087 0.053 4 1.0
HNP-1,3 uM 1.079 0.022 4 0.9
HNP-1, 5 uM 1.056 0.049 4 0.9
HNP-1, 10 uM 0.972 0.034 4 0.6
HNP-1, 30 uM 0.789 0.060 4 0.1

Figure 4.5. HNP-1 does not kill E. coli in buffer
E. coli bacteria (10%/ml) were incubated 2 h at 37°C in buffer without HNP-1 (control;
white bar) or with 1 to 30 uM HNP-1 (gray bars).
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HBD-3 (uM)

Viable bacteria

Conditions (106 CFU/ml) S.E. n P value
Control (2 h, 37°C) 0.987 0.074 4 —
HBD-3, 1 uM 0.951 0.033 4 1.0
HBD-3,3 uM 0.769 0.161 4 0.6
HBD-3, 5 uM 0.642 0.025 4 0.1
HBD-3, 10 uM 0.392 0.052 4 0.002*
HBD-3,30 uM 0.123 0.011 4 <0.0001*

Figure 4.6. HBD-3 Kkills E. coli in buffer

E. coli bacteria (10%/ml) were incubated 2 h at 37°C in buffer without HBD-3 (control;
white bar) or with 1 to 30 uM HBD-3 (gray bars).

* Significantly different from the control value without HBD-3.
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Conditions (106 CFU/ml) S.E. n P value
Control (2 h, 37°C) 0.939 0.099 4 —
HNP-1, 1 uM 1.161 0.126 4 0.9
HNP-1,3 uM 1.120 0.052 4 1.0
HNP-1, 5 uM 1.303 0.178 4 0.6
HNP-1, 10 uM 0.854 0.071 4 1.0
HNP-1, 30 uM 1.216 0.183 4 0.8

Figure 4.7. HNP-1 does not Kkill A.a. in buffer
A.a. bacteria (10%/ml) were incubated 2 h at 37°C in buffer without HNP-1 (control; white
bar) or with 1 to 30 uM HNP-1 (gray bars).
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Conditions (106 CFU/ml) S.E. n P value
Control (2 h, 37°C) 0.569 0.073 4 —
HBD-3, 1 uM 0.438 0.096 4 0.7
HBD-3,3 uM 0.101 0.028 4 0.0003™
HBD-3, 5 uM 0.021 0.004 4 <0.0001*
HBD-3, 10 uM 0.003 0.001 4 <0.0001*
HBD-3,30 uM 0.000 0.000 4 <0.0001*

Figure 4.8. HBD-3 Kills A.a. in buffer
A.a. bacteria (10%/ml) were incubated 2 h at 37°C in buffer without HBD-3 (control; white
bar) or with 1 to 30 uM HBD-3 (gray bars).

* Significantly different from the control value without HBD-3.
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To assay antibacterial activity, bacteria at 10® CFU/ml were incubated 4 h in dilute
culture medium at 37°C with increasing concentrations of CHRG07 or CHRGO1. After
the incubation, the number of live bacteria was determined by diluting, plating, and
counting colonies.

Figure 4.9 compares the results of incubating E. coli with 5 uM HBD-3 or with 1
to 100 uM CHRGO7 in dilute culture medium for 4 h. When the bacteria were incubated
without HBD-3 or CHRGO07, the number of bacteria increased nearly 100-fold to about
103 CFU/mL. When 5 uM HBD-3 was added at the beginning of the incubation, 90 to
99% of the bacteria were killed. CHRGO7 at 1 uM had no effect, but 3 to 5 uM CHRGO07
caused significant killing. CHRGO07 at 10 uM killed >99.9% of the E. coli bacteria.
Figure 4.10 shows results of incubating E. coli bacteria with 5 uM HBD-3 or with the
CHRGO1 peptide. As little as 1 uM CHRGO1 caused significant growth inhibition, but
10 uM CHRGO1 was required for significant killing. CHRGO1 at 10 to 30 uM gave
results similar to 5 uM HBD-3. Both CHRGO07 and CHRGO1 killed E. coli, but higher
levels of CHRGO1 were required to achieve the same levels of killing.

The synthetic peptides CHRG07 and CHRGO1 were also active against 4.a., as
shown in Figures 4.11 and 4.12. In the dilute culture medium, 4.a. started at 10® CFU/ml
and the number increased nearly 4-fold during the 4 h incubation. As a positive control, 5
uM HBD-3 was added and gave 90 to 99% killing of 4.a. Figure 4.11 shows the effects
of increasing concentrations of CHRGO7. From 90 to 99% killing of A.a. was achieved at
the 5 to 10 UM concentrations, similar to results obtained with HBD-3. Figure 4.12
shows CHRGO1 gave 90 to 99% killing of A.a. but at a much higher concentration of 30
to 100 uM.

Compared with the results shown for HBD-3 in Figures 4.2 and 4.4, results in
Figures 4.9 and 4.11 show that the peptide CHRGO7 was equal to HBD-3 in activity
against E. coli and A.a. The C-terminal peptide CHRGO1 (Figures 4.10 and 4.12) was
much less active than HBD-3 against both E. coli and A.a. These results indicate that the
hydrophobic residues near the N-terminus of HBD-3 are important for activity:.

HBD-3 Binding to Purified LPS

Our third objective was to determine whether HBD-3 binds to LPS. We wanted to
determine whether binding of the hydrophobic N-terminus of HBD-3 to the hydrophobic
portion of LPS contributes to antimicrobial activity of HBD-3.

To assay antibacterial activity, bacteria at a concentration of 10° CFU/ml were
incubated at 37°C with 5 uM HBD-3 and various concentrations of purified LPS. After
the incubation, the number of live bacteria was measured by diluting, plating, and
counting colonies. The purpose was to determine whether purified LPS absorbs HBD-3
and thus blocks killing of the bacteria by HBD-3.
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Conditions (106 CFU/ml) S.E. n P value
Control (4 h, 37°C) 52.588 3.002 8 —
HBD-3, 5 uM 0.020 0.017 8 <0.0001*
CHRGO07, 1 uM 44.324 2.854 4 0.3
CHRGO07,3 uM 0.136 0.110 5 <0.0001*
CHRGO07,5 uM 0.165 0.164 5 <0.0001*
CHRGO07, 10 uM 0.000 0.000 4 <0.0001*
CHRGO07,30 uM 0.000 0.000 4 <0.0001*
CHRGO07, 100 pM 0.000 0.000 4 <0.0001*

Figure 4.9. The peptide CHRGO7 Kkills E.coli
E. colibacteria (10%/ml) were incubated 4 h at 37°C in dilute growth medium without
HBD-3 or CHRGO7 (control; white bar), with 5 uM HBD-3 (gray bar), or with 1 to 100

uM CHRGO7 (dark gray bars).

* Significantly different from the control value without HBD-3 or CHRGO7.
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Conditions (106 CFU/ml) S.E. n P value
Control (4 h, 37°C) 52.588 3.002 8 —
HBD-3,5 uM 0.020 0.017 8 <0.0001*
CHRGOI, 1 uyM 7.038 0.589 4 <0.0001*
CHRGOI, 3 uM 3.526 0.327 4 <0.0001*
CHRGOI, 5 uyM 2.211 0.356 4 <0.0001*
CHRGO1, 10 uM 0.107 0.014 4 <0.0001*
CHRGO1, 30 uM 0.001 0.000 4 <0.0001*
CHRGO1, 100 uM 0.000 0.000 4 <0.0001*

Figure 4.10. The peptide CHRGO1 Kkills E. coli

E. coli bacteria (10%/ml) were incubated 4 h at 37°C in dilute culture medium without
HBD-3 or CHRGO1 (control; white bar), with 5 uM HBD-3 (dark gray bar), or with 1 to
100 uM CHRGO1 (light gray bars).

* Significantly different from the control value without HBD-3 or CHRGOI.
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Conditions (106 CFU/ml) S.E. n P value
Control (4 h, 37°C) 4.094 0.888 8 —
HBD-3,5uM 0.061 0.017 8 0.0001 *
CHRGO07, 1 uM 2.699 0.934 4 1.0
CHRGO07, 3 uM 0.478 0.181 4 0.023 *
CHRGO07, 5 uM 0.040 0.010 4 0.005 *
CHRGO07, 10 uM 0.001 0.001 4 0.004 *
CHRGO07, 30 uM 0.000 0.000 4 0.004 *
CHRGO07, 100 uM 0.000 0.000 4 0.004 *

Figure 4.11. The peptide CHRGO07 kills A.a.

A.a. bacteria (10%/ml) were incubated 4 h at 37°C in dilute culture medium without HBD-3
(control; white bar), with 5 uM HBD-3 (gray bar), or with 1 to 100 uM CHRGO07 (dark
gray bars).

* Significantly different from the control value without HBD-3 or CHRGO7.
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Conditions (106 CFU/ml) S.E. n P value
Control (4 h, 37°C) 4.094 0.888 8 —
HBD-3, 5 uM 0.061 0.017 8 0.0001
CHRGOI, 1 uM 3.410 0.333 4 1.0
CHRGO1, 3 uM 3.140 0.432 4 1.0
CHRGO1, 5 uM 2.464 0.411 4 0.9
CHRGO1, 10 uM 0.875 0.085 4 0.08
CHRGO1, 30 uM 0.078 0.025 4 <0.0055*
CHRGO1, 100 uM 0.001 0.001 4 <0.0041*

Figure 4.12. The peptide CHRGO1 Kkills A4.a.

A.a. bacteria (10%/ml) were incubated 4 h at 37°C in dilute culture medium without HBD-3
or CHRGO1 (control; white bar), with 5 uM HBD-3 (dark gray bar), or with 1 to 100 puM
CHRGO1 (light gray bars).

* Significantly different from the control value without HBD-3 or CHRGOI.
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Figure 4.13 shows the target bacteria E. coli started at 10° CFU/ml and increased
nearly 100 fold to about 108 CFU/ml during the 4 h incubation without HBD-3 in dilute
culture medium. When 5 UM E. coli LPS was added, there was no effect of LPS on
growth of E. coli. When 5 uM HBD-3 was added, HBD-3 caused 90 to 99% killing.
When increasing concentrations of E. coli LPS were added along with 5 uM HBD-3, LPS
blocked the activity of HBD-3. Results in Figure 4.13 show complete blocking of 5 uM
HBD-3 by 5 uM LPS. These results suggest binding of one HBD-3 molecule to each
molecule of LPS. Figure 4.14 shows that very similar results were obtained using
purified 4.a. LPS to block HBD-3 activity against the target £. coli. A.a. LPS blocked
HBD-3 killing of E. coli at a 1:1 ratio of HBD-3 to LPS.

Similar experiments were performed testing the ability of purified E. coli or A.a.
LPS to block HBD-3 killing of 4.a. under the usual assay conditons for B-defensins.
Figure 4.15 shows the target bacteria A.a. started at 10° CFU/ml and did not increase in
number during a 2 h incubation in buffer without nutrients. When 5 uM E. coli LPS was
added, it had no effect on viability of 4.a. HBD-3 alone at 5 uM gave 90 to 99% killing
of A.a. When increasing concentrations of E. coli LPS were added, LPS blocked the
activity of HBD-3. Results in Figure 4.15 show complete blocking of 5 uM HBD-3 by 5
UM LPS or a 1:1 ratio of HBD-3 to LPS. Very similar results were obtained using A4.a.
LPS to block HBD-3 activity against the target 4.a., as seen in Figure 4.16. 4.a. LPS
alone had no effect on viability. A4.a. LPS was able to absorb HBD-3 and block killing of
A.a. by HBD-3.

HBD-3 Binding to Deacyl-LPS but Not Lipid A

To determine whether the hydrophobic fatty acids of the lipid A portion of LPS
were important for binding HBD-3, we examined the ability of deacyl-LPS to block
HBD-3 activity. Figures 4.17 and 4.18 show the effects of adding deacyl-LPS on the
activity of 5 uM HBD-3 against E. coli and A.a. Deacyl-LPS at 10 uM had no significant
effect on growth of E. coli during a 4 h incubation in dilute culture medium (Figure 4.17).
Deacyl-LPS was able to absorb HBD-3 and block killing of the target organism E. coli.
Killing was blocked by 5 to 10 uM deacyl-LPS, at a HBD-3 to deacyl-LPS ratio of about
1:1. Similar results were obtained with 4.a. as the target bacteria (Figure 4.18). The
number of 4.a. bacteria did not increase during a 2 h incubation in buffer without
nutrients. Deacyl-LPS had no significant effect on 4.a. viability. HBD-3 at 5 uM caused
nearly 99% killing of 4.a. Killing by 5 uM HBD-3 was blocked by about 5 uM deacyl-
LPS. These results indicate the hydrophobic fatty acids of LPS were not needed for
binding of HBD-3 to LPS.

To confirm that HBD-3 did not bind to the hydrophobic lipid A portion of LPS,
we tested the ability of purified lipid A to block killing by HBD-3. Figures 4.19 and 4.20
show that purified lipid A at concentrations up to 10 uM did not have a statistically
significant effect on killing of E. coli or A.a. by 5 uM HBD-3. There was some effect at
higher concentrations of lipid A, but lipid A did not block killing even at these higher
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Conditions (106 CFU/ml) S.E. n P value
Control (4 h, 37°C) 47.071 3.519 8 —
SuUME. coli LPS 45.679 2.228 4 —
5 uM HBD-3 0.004 0.004 8 —
5SuM HBD-3+0.1 uME. coli LPS  0.001 0.000 4 1.0
5 uM HBD-3+ 0.3 uME. coli LPS  0.005 0.002 4 1.0
5 uM HBD-3 + 1 uME. coli LPS 0.070 0.012 4 1.0
5 uM HBD-3 + 3 uME. coli LPS  24.345 4.890 4 0.02*
5 uM HBD-3 + 5 uME. coli LPS  80.465 5.175 4 <0.0001*

Figure 4.13. E. coli LPS blocks HBD-3 killing of E. coli

E. coli bacteria (10%/ml) were incubated 4 h at 37°C in dilute culture medium with 0 or 5
UM E. coli LPS then diluted and plated (white bars). Alternatively, the bacteria were
incubated with 5 uM HBD-3 and various levels of E. coli LPS (gray bars).

* Significantly different from the value with HBD-3 alone.
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.. Viable bacteria
Conditions (106 CFU/ml) S.E. n P value
Control (4 h, 37°C) 47.070 3.519 8 —
SuMA.a. LPS 61.246 2.411 4 —
5 uM HBD-3 0.004 0.004 8 —
5uM HBD-3+ 0.1 uMA.a. LPS 0.000 0.000 4 1.0
5 uM HBD-3 + 0.3 uMA.a. LPS 0.003 0.002 4 1.0
5 uM HBD-3 + 1 uMA.a. LPS 0.073 0.015 4 1.0
5 uM HBD-3 + 3 uMA.a. LPS 52.220 4.591 4 <0.0001*
5 uM HBD-3 + 5 uMA.a. LPS 87.379 8.659 4 <0.0001*

Figure 4.14. A.a. LPS blocks HBD-3 killing of E. coli

E. coli bacteria (10%/ml) were incubated 4 h at 37°C in dilute culture medium with 0 or 5
UM A4.a. LPS then diluted and plated (white bars). Alternatively, the bacteria were
incubated with 5 uM HBD-3 and various levels of 4.a. LPS (gray bars).

* Significantly different from the value with HBD-3 alone.
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.. Viable bacteria
Conditions (106 CFU/ml) S.E. n P value
Control (2 h, 37°C) 0.761 0.023 10 —
SuUME. coli LPS 0.995 0.089 4 —
5 uM HBD-3 0.009 0.002 10 —
5SuM HBD-3+0.1 uME. coli LPS 0.044 0.007 4 1.0
5SuM HBD-3+ 0.3 uME. coli LPS 0.071 0.013 4 1.0
5 uM HBD-3 + 1 uME. coli LPS 0.407 0.025 4 0.003*
5 uM HBD-3 + 3 uME. coli. LPS  0.682 0.030 4 <0.0001*
5 uM HBD-3 + 5 uME. coli LPS 0.965 0.134 4 <0.0001*

Figure 4.15. E. coli LPS blocks HBD-3 killing of A.a.
A.a. bacteria (10%/mL) with 0 or 5 pM E. coli LPS were incubated 2 h at 37°C in buffer
then diluted and plated (white bars). Alternatively, the bacteria were incubated with 5 uM
HBD-3 and various levels of E. coli LPS (gray bars).

* Significantly different from the value with HBD-3 alone.
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Conditions (106 CFU/ml) S.E. n P value
Control (2 h, 37°C) 0.761 0.023 10 —
SuMA.a. LPS 1.199 0.116 4 —
5 uM HBD-3 0.009 0.002 10 —
5uM HBD-3+ 0.1 uMA.a. LPS 0.024 0.013 4 1.0
5 uM HBD-3 + 0.3 uMA.a. LPS 0.091 0.019 4 1.0
5 uM HBD-3 + 1 uMA4.a. LPS 0.368 0.038 6 0.0017%*
5 uM HBD-3 +3 uMA4.a. LPS 0.502 0.058 6 <0.0001*
5 uM HBD-3 + 5 uMA4.a. LPS 0.494 0.034 4 <0.0001*

Figure 4.16. A.a. LPS blocks HBD-3 killing of A.a.
A.a. bacteria (10%/ml) with 0 or 5 M A4.a. LPS were incubated 2 h at 37°C in buffer
witout nutrients then diluted and plated (white bars). Alternatively, the bacteria were

incubated with 5 uM HBD-3 and various levels of 4.a. LPS (gray bars).
* Significantly different from the value with HBD-3 alone.
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.. Viable bacteria
Conditions (106 CFU/ml) S.E. n P value
Control (4 h, 37°C) 50.294 4.433 8 —
10 uM deacyl-LPS 77.226 6913 4 —
5 uM HBD-3 0.001 0.001 8 —
5 uM HBD-3 + 0.3 uM deacyl-LPS 0.001 0.000 4 1.0
5uM HBD-3 + 1 uM deacyl-LPS  0.001 0.000 4 1.0
5 uM HBD-3 + 3 uM deacyl-LPS  0.243 0.095 4 1.0
5 uM HBD-3 + 5 uM deacyl-LPS  35.583 5.718 4 <0.0001*
5 uM HBD-3 + 10 uM deacyl-LPS 87.865 4.535 4 <0.0001*

Figure 4.17. Deacyl-LPS blocks HBD-3 killing of E. coli

E. coli bacteria (10%/ml) with 0 or 10 uM deacyl-LPS were incubated 4 h at 37°C in
dilute culture medium then diluted and plated (white bars). Alternatively, the bacteria were
incubated with 5 uM HBD-3 and various levels of deacyl-LPS (gray bars).

* Significantly different from the value with HBD-3 alone.

40



106

- |T| | |

S T " T

o T *

o %

©

o :

(&}

g |

© 5

< 10

<

QO

©

S

1
10*
o 10 o 03 1 ' 3 " 5 ' 10
E.colideacyl-LPS (uM)
.. Viable bacteria

Conditions (106 CFU/ml) S.E. n P value
Control (2 h, 37°C) 0.644 0.069 8 —
10 uM deacyl-LPS 0.735 0.147 4 —
5 uM HBD-3 0.022 0.005 8 —
5 uM HBD-3 + 0.3 uM deacyl-LPS 0.034 0.012 4 1.0
5 uM HBD-3 + 1 uM deacyl-LPS 0.189 0.070 4 1.0
5 uM HBD-3 + 3 uM deacyl-LPS 0.502 0.083 4 0.0046%*
5 uM HBD-3 + 5 uM deacyl-LPS 0.715 0.073 4 <0.0001%*
5 uM HBD-3 + 10 uM deacyl-LPS 0.662 0.072 4 <0.0001%*

Figure 4.18. Deacyl-LPS blocks HBD-3 killing of 4.a.

A.a. bacteria (10%/ml) with 0 or 10 pM deacyl-LPS were incubated 2 h at 37°C in buffer
without nutrients then diluted and plated (white bars). Alternatively, the bacteria were
incubated with 5 uM HBD-3 and various levels of deacyl-LPS (gray bars).

* Significantly different from the value with HBD-3 alone.
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Conditions (106 CFU/ml) S.E. n P value
Control (4 h, 37°C) 50.294 4.433 8 —
10 uM lipid A 39.262 0.735 4 —
5 uM HBD-3 0.001 0.001 8 —
5 uM HBD-3 + 1 uM lipid A 0.000 0.000 4 1.0
5 uM HBD-3 + 3 uM lipid A 0.026 0.010 4 1.0
5 uM HBD-3 + 5 uM lipid A 0.083 0.016 4 1.0
5 uM HBD-3 + 10 uM lipid A 0.207 0.024 4 1.0

Figure 4.19. Lipid A does not block HBD-3 killing of E. coli

E. colibacteria (10%/ml) with 0 or 10 uM lipid A were incubated 4 h at 37°C in dilute
culture medium then diluted and plated (white bars). Alternatively, the bacteria were

incubated with 5 uM HBD-3 and various levels of lipid A (gray bars).
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5 uM HBD-3 + 1 uM lipid A 0.024 0.007 4 1.0
5 uM HBD-3 + 3 uM lipid A 0.032 0.008 4 1.0
5 uM HBD-3 + 5 uM lipid A 0.066 0.016 4 1.0
5 uM HBD-3 + 10 uM lipid A 0.090 0.010 4 1.0

Figure 4.20. Lipid A does not block HBD-3 killing of 4.a.

A.a. bacteria (10%/ml) with 0 or 10 uM lipid A were incubated 2 h at 37°C in buffer
without nutrients then diluted and plated (white bars). Alternatively, the bacteria were
incubated with 5 uM HBD-3 and various levels of lipid A (gray bars).
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concentrations. Lipid A alone also had no effect on growth or viability of the bacteria.
These results show the fatty acids of lipid A are not the site where HBD-3 binds to the
LPS molecule.
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CHAPTER 5. DISCUSSION

Effect of Assay Conditions on Activity of HBD-3 and HNP-1

Previous studies showed that periodontal pathogens were resistant to killing by o-
defensins HNP 1-3 but were killed by B-defensins HBD 1-3. In those studies, o- and 3-
defensins were assayed under different conditions. Bacteria were incubated with o-
defensins in dilute growth medium, while incubations with 3-defensins were in low ionic
strength buffer without nutrients. Our study compared killing of 4.a. and E. coli by HNP-
1 and HBD-3 under the two sets of conditions. We found that 4.a. was resistant to HNP-
1 and killed by HBD-3 regardless of the assay conditions.

Our results confirm studies indicating that 4.a. is killed by HBD-3 and other
human B-defensins. The presence or absence of nutrients had little effect on activity, or
lack of activity, of HNP-1 and HBD-3 against 4.a. There was, however, a big effect on
activity against E. coli. Both HNP-1 and HBD-3 killed E. coli, and both were more
effective when assayed in the presence of nutrients. As expected based on studies by
Ganz et al. (3), HNP-1 killed E. coli only in the presence of nutrients. We found that
HBD-3 killed E. coli in the absence of nutrients but was more effective when nutrients
were present.

Further studies are needed to confirm that all periodontal pathogens are resistant
to human o-defensins and sensitive to human B-defensins. Other strains of 4.a. as well
as other periodontal pathogens should be tested.

At least one periodontal pathogen, Treponema denticola, was reported to be
relatively resistant to killing by human B-defensins (78). Therefore, some important
periodontal pathogens may be resistant to human B-defensins. Further studies are needed
to examine the ability of B-defensins to kill periodontal pathogens other than 4.a., Pg.,
Pi. and Fn.

Role of HBD-3 N- and C-terminal Regions in Antimicrobial Activity

Compared with HNP-1, HBD-3 has additional amino acid residues at the N-
terminus and C-terminus. To determine if these additional residues account for HBD-3
activity against 4.a., we measured the activity of synthetic peptides CHRGO07 and
CHRGO1. These peptides correspond to the first 17 amino acid residues and the last 14
amino acids residues of HBD-3, with serine substituted for cysteine.

The CHRGO7 peptide, derived from the N-terminal region of HBD-3, with four

hydrophobic residues and four cationic residues, was equal to HBD-3 in activity against
A.a. on a molar basis. Therefore, the N-terminal region of HBD-3 accounts for HBD-3
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activity against A.a. Our results are consistent with studies (56,60) that found cysteine
residues and disulfide bonds were not required for HBD-3 activity in vitro.

HBD-3 has a much greater charge (+11) than any of the human neutrophil o-
defensins (+2 or +3), but charge alone can’t account for the greater activity of HBD-3
against A.a. CHRGO7 has a charge of only +4 but is as active as HBD-3 against 4.a.
CHRGO1 has a charge of +8 but is much less active than CHRG07 or HBD-3 against 4.a.
Instead, hydrophobic residues or a combination of hydrophobic and cationic residues
appear important for activity against 4.a. Y4. CHRGO1 has no hydrophobic residues.
Further studies with other strains of 4.a. and other periodontal pathogens are needed to
determine whether the mixture of hydrophobic and cationic residues in CHRGO7 is
always more effective than the more cationic CHRGOI.

Further studies could also try to determine the smallest part of HBD-3 that has
activity equal to HBD-3 against 4.a. CHRGO07, with three hydrophobic residues among
the first six N-terminal residues and three cationic residues among the last six C-terminal
residues, has a structure like that of a small -defensin without disulfides. Further studies
could determine whether a small peptide with three hydrophobic residues linked to three
cationic residues would be as active as HBD-3 against 4.a.

As a control, we also measured killing of E. coli by HBD-3 and the N-terminal
and C-terminal peptides CHRGO7 and CHRGO1. Our results with E. coli are different
from those reported by Hoover et al. (60). It was reported that CHRGO1 was much more
effective than CHRGO7 or HBD-3 against E. coli. Concentrations that killed 90% of the
E. coli bacteria were 6, 19, and 1 pg/mL for HBD-3, CHRGO7 and CHRGO1,
respectively. These levels correspond to 1.2, 9.6, and 0.6 uM. We found CHRGO7 and
HBD-3 were equal in activity against E. coli, and CHRGO1 was less effective than
CHRGO7 or HBD-3.

There are a number of possible reasons for these differences in results. There may
be a strain-selective difference in activity against E. coli. Hoover et al. (60) used E. coli
ATCC 25922, and we used E. coli ML-35 (ATCC 43827). The assay conditions for the
studies were similar, but there were differences. Bacteria were grown to mid-logarithmic
phase in the study by Hoover et al. (60), and the bacteria were not washed before dilution
into the assay medium. We used washed bacteria from the early stationary phase and
incubated 4 h rather than 3 h. Finally, although we had the CHRG07 and CHRGO1
sequences synthesized as specified by Hoover et al. (60), the peptides were synthesized at
different times in different laboratories. Side-by-side comparison of their preparations
and ours would be needed to determine whether they have equal activity. Further studies
with additional E. coli strains would also be needed to determine which peptide is usually
more effective against E. coli.

Hoover et al. (60) also tested CHGRO07 and CHRGO1 against another gram-

negative bacterium (Pseudomonas aeruginosa), two gram-positive bacteria
(Staphylococcus aureus and Enterococcus faecium) and the fungus C. albicans. It was
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reported that CHRGO7 with a mixture of hydrophobic and cationic amino acids was more
effective than the highly cationic CHRGO1 against all of these organisms. The effect was
most pronounced for the gram-positive organisms and C. albicans. These results are
more consistent with our results with both 4.a. and E. coli.

Some studies report that HBD-3 antimicrobial activity is less subject to
interference by physiologic levels of salt and divalent cations compared with the activity
of a-defensins (e.g. 9,6,79). The high positive charge of HBD-3 may be responsible for
decreased interference by salt. High salt disrupts electrostatic interactions between
positive and negative charges such as those involved in binding of cationic defensin
peptides to anionic microbial components.

Further studies are needed to determine whether CHRG07 would become less
effective than HBD-3 at high salt concentrations because it has a smaller positive charge.
Studies with CHRGO1 might also find that it is more resistant to interference by salt
because of its high positive charge.

Binding of HBD-3 to LPS

Our third objective was to determine if HBD-3 binds to LPS purified from E. coli
and 4.a. LPS on the surface of gram-negative bacteria might act as the receptor for
defensin binding. Our results show that HBD-3 does bind to LPS and that one molecule
of HBD-3 binds to one molecule of LPS. Results were similar with LPS from A4.a. or E.
coli, indicating that HBD-3 binds equally well to E. coli and A.a. LPS, despite the small
differences in LPS structure between these organisms.

Role of Lipid A in HBD-3 Binding to LPS

Although HBD-3 binds to LPS and the hydrophobic residues of HBD-3 appear to
be important for activity against 4.a., there was no evidence for hydrophobic binding of
HBD-3 to LPS. Deacyl-LPS without the hydrophobic fatty acids bound HBD-3 and
blocked activity. Deacyl-LPS was as effective as LPS, indicating that the fatty acids were
not required for binding of HBD-3 to LPS. Lipid A did not block HBD-3 activity,
indicating that HBD-3 does not bind to lipid A.

Further studies could try to determine whether HBD-3 binds like a lectin to
carbohydrate of the LPS oligosaccharide and core or whether cationic amino acid residues
of HBD-3 bind electrostatically to negative-charged phosphate groups of the LPS core.

Hydrophobic amino acids of HBD-3 are important for antimicrobial activity
against 4.a. but must be involved in some process other than binding to LPS. Further
studies could determine if HBD-3 binds to membrane phospholipids or hydrophobic
membrane proteins or inserts into bacterial membranes.
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General Significance of This Study

HBD-3 is effective against many periodontal pathogens, but periodontal disease
remains a significant problem affecting at least 30% of the population. Therefore, HBD-3
does not protect everybody against periodontal disease. HBD-3 levels may not be
adequate to protect the tissues when the microbial burden is high, or HBD-3 may be
expressed in deep layers of the epithelium and may not prevent bacterial penetration
through the surface layers. HBD-3 may also be destroyed by some periodontal
pathogens. Proteolytic enzymes called gingipains produced by P. gingivalis have been
reported to destroy HBD-3 (79). There may also be differences in the amounts of HBD-3
expressed by different individuals or by the same individual at different times. Most of
the genes for defensins are clustered on chromosome 8 and the number of copies of these
genes is subject to individual variation (11). Defensin genes have also been reported to
have a high rate of single nucleotide polymorphisms (80,81). A variation in an
untranslated region of the gene for HBD-1 was reported to be associated with protection
from oral candidiasis (82). The same gene variant was reported to influence the level of
HBD-1 and HBD-3 mRNA expression by oral keratinocytes.

Small synthetic peptides with good activity against periodontal pathogens might
be useful as topical agents to prevent or treat periodontal disease. Candidate peptides
with good antimicrobial activity would also need to be tested to be sure they would not be
pro-inflammatory or easily degraded by proteases. Small peptides cost less to make, are
more easily purified than larger peptides or proteins and are less likely to be contaminated
with endotoxin. Small peptides are also less likely to provoke an immune reaction.
Further studies may lead to the development of clinically-useful synthetic peptides.

Overall Significance

Gingival and periodontal diseases, in their various forms have afflicted mankind
since the start of history. Periodontitis is very common and is widely regarded as the
second most common disease worldwide after dental decay. In the United States, 30-50%
of the population has periodontitis but only about 10% has severe forms. Periodontitis
appears to be more prevalent in economically disadvantaged populations or regions. In
the third National Health and Nutrition Examination Survey (NHANES III, 1984-94),
50% of non-institutionalized adult Americans were found to have gingivitis on at least
three teeth.

Periodontitis is a gram-negative infection resulting in severe inflammation with
the potential for intravascular dissemination of microorganisms and their products
throughout the body. Periodontitis is linked to many systemic health problems
including atherosclerosis and diabetes. New approaches are needed to prevent and
treat disease.
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Understanding why human leukocyte a-defensins are ineffective against
periodontal pathogens such as 4.a., while human epithelial cell B-defensins are effective
will help to understand the disease process and may lead to new approaches to treat and
prevent periodontal disease.
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