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General introduction 

Role of platelets in infective endocarditis 

One of the primary functions of blood platelets is their indispensability in 
hemostasis. However, platelet activation can occur by other stimuli than wounding, 
initiating thrombotic activity with serious pathologic consequences. Infective endocarditis 
(IE) is an example of such a thrombotic disease. IE can be categorized into prosthetic valve 
endocarditis (PVE) and native valve endocarditis (NVE), and involves infection of thrombi 
formed at prosthetic or native heart valves, respectively, or the surrounding endocardium. 
PVE can be further divided into early and late PVE, depending on the time of onset of the 
disease (within or later than 60 days after surgery, respectively). The frequency of PVE is 
approximately 1% with a mortality rate of 60% (6,35). Infective organisms are primarily 
Staphylococcus epiderimidis (about 33%) and S. aureus (17%) in early PVE, and 
streptococci in late PVE (30%), but both can be caused my many other bacterial species (3). 
Incidence of NVE varies between 0.7 and 6.8 per 100,000 inhabitants per year (9,20) with 
mortalities ranging from 13% to 56% (13,20). Etiologic agents in NVE are primarily 
viridans streptococci and S. aureus (20,27). 

The initiating event in the pathogenesis of IE is the formation of a thrombotic 
vegetation (VG), a thrombus mainly consisting of platelets and fibrin (2,18). Valvular 
lesions caused by congenital defects or diseases as rheumatic fever lead to exposure of sub
endothelial or connective tissue surfaces, inducing deposition of platelets and initiation of 
blood coagulation (24). 

The previously sterile vegetation may become infected when bacteria enter the 
bloodstream (10). Viridans streptococci originating from the oral cavity are the most 
frequently encountered IE-causing bacteria (11,20,27). Microbial attachment has been 
found a very important feature in the pathogenesis of IE. For example, streptococcal and 
staphylococcal attachment to vegetations is promoted by a number of adhesins which can 
bind collagen, fibronectin and fibrinogen (1,16,18,22,34). In addition to attachment to a 
sterile vegetation, a variety of bacteria are capable of binding to circulating platelets 
directly (12,14,39). This often causes platelet activation, exposure of integrin fibrinogen 
receptor GPHb-IIIa on the platelet surface, increased binding of fibrinogen and fibrin and 
aggregation of bacteria-platelet complexes (14,30). 

Bacteria entrapped in the VGs can proliferate very rapidly (5). Attraction of 
leukocytes and induction of inflammatory responses at the infected site leads to initial 
symptoms of IE, including fever, malaise, anorexia and weight loss. More serious 
complications such as heart failure can occur when valvular tissue damage increases. 
Furthermore, fragments of vegetations may embolize, resulting in petechiae, hemorrhages 
or infarction of distal organs such as the brain. Treatment of IE by antibiotics in many cases 
is ineffective since bacteria entrapped within VGs cannot easily be reached. 

Although platelets seem to have a dominant role in the development of infective 
endocarditis, indications exist that platelets in fact might limit disease progression, as will 
be discussed below. 
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Chapter 1 

Blood platelets 

Platelets circulate in blood as smooth discoidal cells 5-7.5 urn3 in volume. Thereby 
they are about 15 times smaller than erythrocytes. Human blood contains approximately 3 x 
109 platelets per ml and have a lifespan of approximately 10 days. Dayly, an estimated 3.5 
x lO10 platelets per liter of blood are produced by cytoplasmic fragmentation of their 
mother cells, the megakaryocyte (17). Platelets are anucleated cells and, apart from their 
mitochodria, contain no DNA. Thus, only marginal protein synthesis occurs in platelets, 
and the large majority of stored proteins originates from megakaryocytes. Platelets have a 
large number of secretory intracellular compartments (granules) and a surface-connected 
membrane system (the open canalicular system, OCS) allowing communication between 
the extracellular space with the interior of the cell via granule-excreted products. Platelet 
granules can be categorized into three types, dense granules, a-granules and lysozomal 
granules. Dense granules store a number of low molecular weight compounds, including 
serotonin, thromboxane, ADP, Ca2+, Mg2+, and inorganic phosphate needed to maintain 
vascular tone and to propagate platelet activation. Alpha-granules contain several proteins 
involved in platelet adherence (e.g. fibrinogen) and coagulation (high-molecular-weight 
kininogen and factors V and VIII,). Furthermore, these granules store platelet-specific 
proteins (platelet factor 4 [PF-4], ß-thromboglobulin [ß-TG], connective tissue activating 
protein-III [CTAP-III]) with leukocyte chemoattractant activity, as well as cationic 
antimicrobial proteins. Lysozomal granules contain various acid hydrolases presumably 
involved in degradation of polymers in thrombi. 

Under normal conditions these compounds remain stored, since intact endothelium 
does not provoke any platelet activation. Endothelial damage or the encounter of foreign 
bodies in the bloodstream, however, cause a rapid platelet activation, initiating hemostasis 
or thrombosis. Both are multifactorial processes, involving interaction of platelets with 
multiple celltypes and plasma (glyco)proteins. 

Platelet activation 

Platelet response induced by vascular injury proceeds via four stages, adhesion, 
shape change, aggregation and granule release (28,29). Platelet adhesion through 
membrane-bound glycoproteins (integrins) occurs when subendothelial matrix proteins, 
including collagen, fibronectin, laminin, vitronectin, and von Willebrand factor (vWF) are 
exposed (15). Binding to vWF is of major importance at high shear rates (25,26). 
Subsequent shape change from discoid to spherical form, and formation of pseudopodia 
causes spreading of platelets over the damaged surface. Liberation of thromboplastin from 
the damaged endothelium initiates a cascade of proteolytic reactions leading to the 
formation of thrombin (23). Thrombin activates platelets through binding to its surface-
exposed receptor (32), inducing exposure of the fibrinogen receptor GPIIb-IIIa on the 
platelet membrane (29). Thrombin generates fibrin from fibrinogen, causing platelets to 
stick to fibrin fibers and to each other, and to form a hemostatic plug. In addition, platelet 
activation leads to degranulation and release of additional platelet agonists such as ADP 
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General introduction 

(21) and the fibroblast mitogens (CTAP-III, PDGF) contributing to initiation of wound 
healing (29). 

Antimicrobial proteins in blood platelets 

In addition to the factors mentioned above, platelets are the source of antimicrobial 
proteins, as shown by Hirsch 1960 (19). During coagulation rabbit platelets and to a lesser 
extent also human platelets were able to excrete components with antibacterial activity (19). 
The rabbit antibacterial factors were further characterized as small, cationic, heat stable 
proteins (33) which were designated as ß-lysins (8). Indications that platelet-derived 
antibacterial proteins could have physiological relevance was described by Dankert, who 
observed that in a rabbit IE model the number of streptococci adherent to VGs decreased 
over time (4). Granulocytes might have been partly involved in the clearance of bacteria 
(40), but this could not explain the effects observed in these studies. Evidence was provided 
that proteins designated as thrombodefensins released from platelet a-granules could 
account for the antibacterial effect, which was supported by the observation that 
streptococci resistant to thrombodefensins were removed to a lesser extent from cardiac 
vegetations (4,5). Further evidence that platelet antimicrobial proteins aid in limitating 
progression of IE was provided in a study showing that thrombocytopenic rabbits did 
developed IE, but that valves were colonized by much larger numbers of bacteria than in 
control animals (31). Yeaman et al partially purified rabbit platelet microbicidal proteins 
(PMPs) (37) and showed that these proteins had bactericidal and fungicidal activity (36). 
Furthermore, Candida and S. aureus resistant to platelet microbicidal protein produced 
more severe IE compared to sensitive strains (7,38). 

Thus, platelets seem to play a dual role in the progression of IE. On one hand they 
seem to promote entrapment of microorganisms in vegetations, providing them a shelter, 
and on the other hand they excrete microbicidal proteins limiting disease progression. 

Scope of the thesis 

As discussed above, platelet-borne microbicidal proteins may play a major role in 
antimicrobial host defense. However, the work that has been done in this field almost 
exclusively concerns rabbit platelet proteins. The aim of the work presented in this thesis 
was to investigate the microbicidal proteins in human platelets, which we designated 
thrombocidins. This was part of a joint project with the Department of Biomedical 
Technology of Twente University, Enschede. The aim of the study at this department was 
to develop a biodegradable matrix specifically designed to release cationic microbicidal 
proteins such as thrombocidins in a controlled fashion. Such a system, integrated in 
prosthetic heart valves, could aid in the protection against PVE. 

Our study included the investigation of the functional (protective) role of 
thrombocidins in a rabbit endocarditis model (chapter 2), the chemical characterization of 
thrombocidins (chapter 3), the elucidation of their antimicrobial mechanism (chapter 3), the 
identification of minimal domains of microbicidal activity in these proteins (chapter 4) and 
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Chapter 1 

structural requirements needed for full activity (chapter 5), as well as their recombinant 
production (chapters 5 and 6). Finally, an overview of recent literature is given on how 
antimicrobial peptides in general may be designed to be used as antiinfective agents in 
clinical practice (chapter 7). 
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Chapter 2 

ABSTRACT 

Oral viridans streptococci (VS) entering the bloodstream can adhere to and 
colonize cardiac platelet-fibrin vegetations, causing infective endocarditis (IE). 
Adherent bacteria may however be removed due to the action of thrombocidins (TCs), 
bactericidal proteins from blood platelets. To investigate this we vaccinated rabbits 
with crude TCs. The sera from vaccinated rabbits, but not from non-vaccinated 
controls, contained antibodies recognizing purified human TCs, and neutralized both 
human and rabbit platelet-released bactericidal activity. In two experimental IE 
models, vaccinated rabbits had a higher incidence of IE due to TC-susceptible VS 
than non-vaccinated rabbits. The incidence of IE due to a TC-resistant VS strain was 
not different in vaccinated and non-vaccinated rabbits. Apparently antibodies raised 
by vaccination with human TC neutralized the rabbit platelet bactericidal activity in 
vivo, thereby increasing the incidence of IE due to TC-susceptible VS. VS isolated 
from blood cultures of IE patients were proportionally less susceptible to crude TC 
preparations than gingival sulcus isolates and blood isolates from non-IE patients. 
Collectively, our data show that bactericidal platelet proteins like TCs play a 
significant role in preventing development of IE due to TC-susceptible circulating VS. 
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Microbicidal proteins in rabbit endocarditis 

INTRODUCTION 

Infective endocarditis (IE) denotes infection of the endocardial surface of the heart 
(31). Major determinants in the pathogenesis of IE are the presence of vegetations (VGs) at 
the damaged surface of the endocardium (1) and the ability of circulating VS to adhere to 
(5, 32) and to colonize these VGs (5, 10, 11). VGs are produced by blood turbulence due to 
various heart diseases or local and systemic stress conditions (1). Although many 
microorganisms have been implicated in IE, viridans streptococci (VS) are the most 
common isolates (21, 29, 31). VS abundantly cover the oropharyngeal mucosa (18) and 
may gain access to the bloodstream, most commonly after traumatization of the mucosa (9) 
or because of gingival diseases (9, 36). 

Platelets are the earliest and numerically the predominant cells in VGs (2, 8, 32), 
and adherence of VS onto VGs is followed by a rapid accumulation of additional platelets 
and fibrin at the VG surface (8, 12, 16, 24, 31). Recently, we have shown that persistence 
of VS adherent on VGs in the rabbits was related to the susceptibility of VS test strains to 
bactericidal factors released from platelets by thrombin stimulation at the site of VGs (5). 
Human as well as rabbit platelets release such bactericidal factors (4, 5, 38, 39), which 
share a low molecular weight, a cationic nature, and a broad antimicrobial spectrum. 
Based on the reported amino acid compositions of rabbit platelet microbicidal proteins (39) 
and on the amino acid sequence of thrombocidins (22), these microbicidal proteins from 
rabbit and human platelets are similar, but not identical. In order to study the role of 
thrombocidins in the development of IE we vaccinated rabbits with crude human 
thrombocidins to induce antibodies neutralizing the microbicidal factors from rabbit 
platelets. The vaccinated rabbits showed an enhanced susceptibility for IE due to 
thrombocidin-susceptible VS. 

MATERIALS AND METHODS 

Patients and viridans streptococcal isolates 
We collected a total of 178 viridans streptococcal (VS) isolates. Of these isolates 

73 were grown from blood cultures of 67 patients with evidence of IE, diagnosed using the 
Duke criteria (14). Twenty-two isolates were cultured from blood specimens of 21 non-IE 
bacteremic patients. The remaining 83 isolates were cultured from gingival sulcus samples 
collected from 8 IE patients and 28 persons with a non-IE cardiac disease. Gingival sulcus 
swabs from patients were collected prior to antibiotic treatment. Culturing was done as 
previously described (5). Isolates were identified using standard methods (15, 28). The 
ability of the isolates to produce dextran was assessed after growth on mitis-salivarius agar 
(Oxoid, Unipath Ltd, Basingstoke, United Kingdom) 

Isolates were stored in skim milk (Oxoid) at -20°C, cultured on sheep blood (5% 
v/v) agar (Oxoid) plates at 37°C in 5% C02 for 48 h, and maintained at 4°C for one week. 
Before each test, bacteria were freshly grown in Mueller-Hinton (MH) broth (pH 7.4) 
(Difco Laboratories, Detroit, Mich) on a rotary shaker at 90 rpm for 24 hours without 
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aeration. Numbers of cfu were routinely determined by plating appropriate dilutions on 
sheep blood agar plates and counting after incubation in 10% C02 at 37°C for 48 h. 

Test organisms 
For experimental IE studies in rabbits 3 VS strains were selected from a collection 

used in previous experimental IE studies, on the basis of their differential susceptibility to 
releasates containing thrombocidins from thrombin stimulated platelets (4, 5). 
Streptococcus oralis strain J30 (formerly S. sanguis II (5)) had been isolated from the oral 
cavity of a patient with a non-IE cardiac disease. Both Streptococcus mitis strain S224 
(non-dextran producing, formerly S. mitior dx-, (5)) and S.sanguis strain U108 (dextran 
producing, formerly S. sanguis I, (5)) had been isolated from blood cultures of IE patients. 
After 30 min of exposure to standard releasates of thrombin-activated platelets (see below) 
S.oralis J30 and S.mitis S224 showed 50% and 30% survival, respectively. S.sanguis U108 
was resistant, showing 90% survival. The VS test strains were stored, grown and 
maintained as mentioned for the patient isolates. Bacillus subtilis ATCC 6633 was used to 
assay the bactericidal activity in platelet releasates and supernatants from sonicated 
platelets (see below). B.subtilis was stored at -20° C in skim milk, maintained on sheep 
blood agar at 4°C for 2 to 4 weeks, and was grown in brain heart infusion (BHI) broth 
(BBL, Microbiology Systems, Cockeysville, Md) for 14 -16 h before use. 

Preparation of bacterial suspensions 
After centrifugation (4,000 x g; 4°C; 10 min) bacteria were washed three times 

with PBS (8.1 mM Na2HP04, 1.5 mM KH2P04, 140mM NaCl, 3mM KCl; pH 7.2) and 
resuspended in 0.9% (w/v) NaCl. Suspensions were sonicated for 30 s (50 kHz) (Bransonic 
32; Bransonic Power Co, Danbury, Conn.) and adjusted to an optical density at 540 nm of 
1.0 (model 24 spectrophotometer; Beekman Instruments Inc. Palo Alto, Calif,) with 0,9% 
NaCl. These standardized suspensions contained approximately 109 cfu/rnl, and were 
diluted in 0.9% NaCl to obtain the appropriate inocula for the individual experiments. Prior 
to each experiment inocula were checked by serial plating. 

Preparation of fresh human and rabbit platelet suspensions 
Fresh platelet suspensions and releasates were prepared as previously described (4, 

5), using siliconized glassware (Vacutainer Systems, Becton Dickinson, Meylan, France) 
throughout collection of blood and all platelet handling procedures. Briefly, blood from 
healthy subjects and from healthy New Zealand White rabbits was freshly collected in 
siliconized tubes containing 0.1 ml of 0.11 M sodium citrate (pH5.5). After centrifugation 
of blood (225 x g, 37°C, 20 min), the platelet rich plasma (PRP) was centrifuged (2,000 x g, 
37°C, 10 min), the pelleted platelets were washed twice in Tyrode's salt solution (Sigma 
Chemical Co, St. Louis, MO) and resuspended to a final concentration of 2-4 x 108 

platelets per ml in Dulbecco Modified Eagle Medium (Gibco Laboratories, Grand Island, 
NY) containing 10 mM sodium citrate (DMEM-C; pH 7.2). 
Preparation of platelet releasates 

Washed human and rabbit platelets were stimulated with 1 NIH unit/ml of human 
thrombin (Central Laboratory of the Netherlands Red Cross Blood Transfusion Service, 
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Amsterdam, the Netherlands) at 37°C for 15 min. The releasates from the stimulated 
platelets were collected after centrifugation (200 x g, 37°C, 20 min), stored at -20°C and 
used within 1 month. 

Preparation of platelet sonicate supernatants 
Human and rabbit platelet suspensions (2-4 x 108 platelets per ml) in DMEM-C 

were sonicated (50 kHz) for 3 min. The cell debris and unbroken cells were removed by 
centrifugation (2,000 x g, 37°C, 20 min). This supernatant is referred to as sonicate-sup. 
Sonicate-sups from platelet suspensions from 5 human subjects were pooled and stored at -
20°C in portions of 0.5 ml. These pooled human platelet sonicate-sups were used to 
vaccinate rabbits. 

Bactericidal activity of platelet releasates and sonicate-sups 
Bactericidal activity of platelet releasates and sonicate-sups was tested using 

B.subtilis ATCC 6633. Inocula of 1.5 x 103 cfu/ml were incubated in 0.5 ml of undiluted 
releasates or sonicate-sups, or in 2-fold serial dilutions (1:2 to 1:1024 diluted with DMEM-
C) of either preparation at 37°C in siliconized glass tubes (Vacutainer Systems). After 30 
min of exposure, aliquots of 0.3 ml were transferred to tubes with 0.7 ml PBS containing 
0.01% (w/v) sodium polyanetholesulfonate (SPS; "liquoid"), to neutralize the platelet 
bactericidal activity (4). The samples were sonicated (50 kHz) (Bransonic) for 30 s to 
disperse clumped bacteria, and quantitatively cultured on sheep blood agar. Based on the 
number of cfu before incubation, the mean percentual survival of B. subtilis in each dilution 
was calculated. 

Susceptibility of clinical VS isolates to human platelet releasates 
Susceptibility of VS isolates was tested as described above for B. subtilis, using 

standard human platelet releasates. Standard releasates were releasates killing more than 
99.9 % of B.subtilis when diluted 1:64 and 50% when diluted 1:256. Based on earlier 
studies (4, 5), VS isolates with more than 50% survival after 30 min of exposure to standard 
releasates were defined as resistant. 

Vaccination of rabbits with human platelet sonicate-sups 
Healthy female and male New Zealand White rabbits weighing 2.1 -3.1. kg, were 

vaccinated intramuscularly in the hind leg with 1 ml of pooled human platelet sonicate-
sups. Sonicate-sups rather than releasates from thrombin activated platelets were used, in 
order to avoid the induction of antibodies against thrombin (33). Portions of human platelet 
sonicate-sups to be used for the first vaccination were emulsified with equal volumes of 
complete Freund adjuvant. Repeat vaccinations were done with 1 ml of sonicate-sups 
mixed with 1 ml of incomplete Freund adjuvant 3, 5 and 7 weeks after the first vaccination. 
Blood (5 ml) of the rabbits was collected prior to vaccination and subsequently at 2 week 
intervals. Sera, obtained by centrifugation (100 x g, 5 min) of the clotted blood were stored 
at - 80°C in 1.5 ml portions. 
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Detection of antibodies against human platelet sonicate-sups and purified human 
platelet thrombocidins in sera from rabbits immunized with human platelet sonicate-
sups 

Sera from rabbits immunized with human platelet sonicate-sups were tested for the 
presence of antibodies recognizing proteins in human and rabbit sonicate-sups by 
immunodiffusion according to Ouchterlony (25). Rabbit sonicate-sups were prepared 
essentially as described for the human platelet sonicate-sups. To analyse whether rabbits 
immunized with human platelet sonicate-sups had produced antibodies recognizing the 
major cationic antibacterial proteins from human platelets, thrombocidin (TC)-l and TC-2, 
a Western blot was performed. Human platelet sonicate-sup, purified TC-1 and TC-2 (22), 
and purified Human Neutrophil Protein 1-3 (HNP) were electrophoresed in triplicate in a 
tricine SDS-PAGE system (30). After electrophoresis the gel was divided into 3 equal parts, 
each containing an identical set of samples. One part was stained with Coomassie Brilliant 
Blue. The other two parts were analysed by Western blotting as described previously (35). 
One blot was incubated with rabbit serum collected after the fourth vaccination, and the 
second blot with pre-immune serum. Rabbit antibodies were visualized with a mouse-anti-
rabbit monoclonal antibody conjugated to alkaline phosphatase (Promega, Madison, WI), 
and nitroblue tetrazolium (NBT, Promega) and 3-bromo-l-chloro-3-indolyl phosphate 
(BCIP, Promega) as substrate. 

Bactericidal activity in human and rabbit platelet releasates supplemented with serum 
from rabbits vaccinated with human platelet sonicate-sups 

Portions of 0.3 ml of serum from rabbits vaccinated with human platelet sonicate-
sups were added to 0.3 ml of undiluted human and rabbit platelet releasates. After 
incubation at 37°C for 30 min, 103 cfu of B. subtilis ATCC 6633 were added, and 
incubation was continued for 30 min in order to assay bactericidal activity. Then aliquots of 
0.3 ml were collected, mixed with 0.7 ml PBS containing 0.01% SPS, and quantitatively 
cultured as described above. Similar experiments were performed with the 3 VS test strains 
used in the experimental IE studies. Releasates supplemented with rabbit serum collected 
prior to vaccination served as controls in the assays. 

Rabbit model of non-bacterial thrombotic VGs 
Left-sided non-bacterial VGs were induced in New Zealand White rabbits 

weighing 2.1. to 3.1. kg. A polyethylene catheter (external diameter 0.8 mm; internal 
diameter 0.4 mm) was inserted into the left carotid artery and placed in the left ventricle as 
previously described (20). Of these rabbits, 95 had received 4 vaccinations with human 
platelet sonicate-sups. The last vaccination had been performed at least 3 weeks prior to 
catheterization. The catheter either remained in place during bacterial challenge of the 
rabbits, or was removed 24 h prior to bacterial challenge. In the latter case, rabbits are less 
susceptible to IE (12, 13, 17, 40). 

Production and evaluation of bacterial adherence and IE 
Rabbits with the catheter left in place were injected with 1 ml of 0.9% NaCl 

containing either 104 or 105 cfu of the test organism in the marginal ear vein, 24 h after 
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placement of the catheter. Rabbits from which the catheter was removed were challenged 
with 105 cfu of the test organism, 24 h after removal of catheter. Rabbits were sacrificed by 
intravenous injection of pentobarbitone at 5 min or 48 h after challenge with the test 
organisms. The heart was removed under aseptic conditions and the VG was excised 
immediately and rinsed 3 times with 5 ml of 0.9% NaCl. VGs were weighed, homogenized 
and quantitatively cultured as previously described (5). Bacterial adherence was defined as 
the presence of bacteria on VGs at 5 min after challenge. IE was defined as culture-
positivity of VGs at 48 h. 

Rabbit blood cultures after challenge 
Blood from rabbits was collected by puncturing the central artery of the ear at 5 

and 30 min after challenge. Immediately after killing of the rabbits 5 ml of blood was 
collected from the right ventricle. Blood was quantitatively cultured as previously described 
(5). Bacteremia was expressed as the number of cfu per ml of blood. 
Statistics. The incidence of culture positive VGs at 5 min and the incidence of IE, and the 
incidence of IE in vaccinated and non-vaccinated rabbits was compared with Fisher's exact 
test or by the chi-square test with Yate's correction for sample sizes larger than 50. 

RESULTS 

Bactericidal activity in releasates from thrombin-activated human and rabbit platelets 
and in human platelet sonicate-sups 

In releasates from thrombin-activated rabbit and human platelets, as well as in 
human platelet sonicate-sups at least 99.9% of the inoculum of 103 cfu of B.subtilis 
ATCC6633 was killed within 2 to 3 min of incubation. Human platelet releasates of which 
a 64-fold dilution killed 99.9% and a 256-fold dilution killed 50% of the B. subtilis 
inoculum in 30 min, were designated as standard releasates. 

Antibodies to human and rabbit platelet antigens and to purified thrombocidins in 
sera of rabbits vaccinated with human platelet sonicate-sups 

Sera from rabbits collected after the third and fourth vaccination with the pooled 
human platelet sonicate-sups reacted with human as well as rabbit platelet sonicate-sups 
used as antigens in the Ouchterlony immunodiffusion test. The precipitation lines indicated 
close antigenic relatedness between human and rabbit platelet antigens (not shown). Serum 
collected after the fourth vaccination was used in a Western blot of tricine SDS PA gels 
containing human sonicate-sups, purified human TC-1 and TC-2, and purified HNP (Fig. 
1A). Most proteins in the platelet sonicate-sups, and the purified human TC-1 and TC-2 
were stained in the blot, indicating that antibodies against platelet sonicate sup antigens 
including TC-1 and TC-2 were present in serum collected after the 4th vaccination of the 
rabbits (Fig. IB). No reaction of this immune serum was observed with HNP. The pre-
immune rabbit serum did not recognize sonicate-sup antigens, nor TC-1 or TC-2 (not 
shown). 
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Bactericidal activity in human and rabbit platelet releasates is neutralized by serum 
from rabbits vaccinated with human platelet sonicate-sups 

Releasates from thrombin-activated rabbit or human platelets were incubated with 
serum from rabbits which had been vaccinated with pooled sonicate-sups of human 
platelets. Subsequently, bactericidal activity was tested using 103 cfu of B.subtilis ATCC 
6633 and 10 cfu of S. oralis J30. The releasates incubated with rabbit sera collected prior 
to vaccination, or after the first vaccination killed >99% of the B. subtilis and 50% of the S. 
oralis J30 inoculum (Table 1). This reduction of viable numbers was similar to that 
observed in releasates with added DMEM-C instead of serum. Rabbit sera collected after 
the third vaccination markedy reduced the bactericidal activity in the releasates. Sera 
collected after the fourth vaccination neutralized the bactericidal activity in the releasates 
almost completely (Tablel). Sera of rabbits vaccinated at least three times with sonicate-
sups of human platelets also neutralized the bactericidal activity released from thrombin 
activated rabbit platelets against the S. mitis S224 test strain (not shown). The platelet 
releasate-resistant S. sanguis U108 was not killed in releasates, or in releasates 
supplemented with sera from the vaccinated rabbits (not shown). The results of the killing 
assays were not influenced by agglutinating antibodies, since no bacterial agglutination was 
observed in microscopic examinations of B. subtilis and the 3 VS test strains exposed to 
sera from either non-vaccinated or vaccinated rabbits. 
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Microbicidal proteins in rabbit endocarditis 

Initial adherence and development of experimental IE in non-vaccinated and in 
vaccinated rabbits with the catheter left in place during challenge 

To test the effect of neutralization of platelet-released bactericidal activity on the 
development of IE, rabbits vaccinated with human platelet sonicate-sups were challenged 
with 104 cfu of VS test strain J30, S224 or U108. The incidence of IE in non-vaccinated 
rabbits 48 h after challenge with either of the platelet releasate susceptible strains J30 and 
S224 was low (Table 2). Only 4 of 30 non-vaccinated rabbits challenged with these 2 
strains developed IE. Conversely, in total 17 of 22 vacinated rabbits developed IE due to 
these 2 VS strains (pO.001). The difference of IE frequency between vaccinated and non-
vaccinated rabbits due to S. oralis J30 was significant (pO.001), whilst no significance was 
reached for S. mitis S224 (p=0.07). The incidence of IE in non-vaccinated and vaccinated 
rabbits due to the releasate resistant strain TJ108 was not significantly different. No 
difference existed between the weights of VGs harvested from vaccinated and non-
vaccinated rabbits at 48 h after challenge, nor between the bacterial densities in the Vgs 
(data not shown). 

At 5 min after challenge with either of the strains, the percentage of VGs with 
adherent bacteria was similar in non-vaccinated and in vaccinated rabbits (Table 2).In the 
non-vaccinated rabbits the 2 platelet releasate susceptible strains J30 and S224 had 
colonized significantly (pO.001, and pO.01, respectively) more VGs at 5 min than at 48 h 
post challenge, whilst in the vaccinated rabbits the number of culture positive VGs at 5 min 
and 48 h was similar. 

The number of circulating bacteria at 5 or 30 min after challenge with either of the 
3 VS strains was not different in the non-vaccinated and the vaccinated rabbits. 
Quantitative cultures of blood samples at 5 min after challenge yielded 6 ± 3 cfii and 5 ± 3 
cfu of strain J30 per ml blood, and 4 ± 3 cfu and 6 ± 2 cfu per ml blood of strain S224, in 
non-vaccinated and vaccinated rabbits, respectively. Blood samples collected at 30 min 
after challenge were sterile. 

Initial adherence and development of experimental IE in non-vaccinated and 
in vaccinated rabbits challenged after removal of the catheter 

To further explore the effect of neutralization of platelet-released bactericidal 
activity on the development of experimental IE in rabbits, we used a low-susceptibility 
model for experimental IE (40). In this model the catheters were removed from rabbits with 
catheter-induced VGs 24 h prior to challenge with 105 cfu of strains J30 or U108. 

The initial colonization of VGs by both strains at 5 min post challenge was similar, 
irrespective of the presence of the catheter, or of the vaccination status of the rabbits (Table 
3). Numbers of adherent bacteria 5 min after challenge in all three groups of rabbits (Table 
3) were also similar (not shown). 
At least 90% of the non-vaccinated rabbits which had the catheter in place during challenge 
with strains J30 or U108 developed IE. Removal of the catheter 24 h prior to challenge 
significantly reduced the frequencies of IE for both test strains. None of the rabbits 
challenged with J30, and only 30% of the rabbits challenged with U108 had IE (Table 3). 
However, strain J30 produced IE in 4 of 6 (66%) of the vaccinated rabbits from which the 
catheter had been removed 24h prior to challenge (p=0.015 vs non-vaccinated rabbits from 
which catheters had been removed). Thus, even in this low susceptibility 
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Chapter 2 

model of IE, neutralization of platelet bactericidal activity by vaccination with human 
sonicate-sups rendered the rabbits susceptible for IE due to strain J30. Vaccination did not 
significantly influence development of IE due to the platelet releasate resistant strain U108 
(Table 3). The weights of the VGs as well as the VS densities in infected VGs at 48 h after 
challenge were not different in non-vaccinated and vaccinated rabbits (not shown). 

Susceptibility of viridans streptococci isolated from blood and gingival sulcus to 
bactericidal activity in human platelet releasates 

Susceptibility of the clinical VS isolates to standard human platelet releasates was 
assessed. The proportion of resistant VS among IE isolates (63/73, 86%) was significantly 
higher than among gingival sulcus isolates (22/83, 27%; p<0.005), and among VS isolates 
from the blood of non-IE bacteremic patients (4/22, 18%; p<0.005). 

S.mitis was the most common species cultured from blood of IE patients, as well 
as from the gingival sulcus of these patients and persons with non-IE cardiac disease (Fig. 
2). The proportion of S.mitis strains resistant to human platelet releasates was significantly 
higher among the strains isolated from IE patients (35 of 45) than among gingival sulcus 
isolates (10 of 44; PO.005). Dextran-positive S. mitis isolates were distributed equally 
among susceptible and resistant isolates (data not shown). All 32 S.sanguis isolates from 
blood of IE patients and from the gingival sulcus cultures were resistant. The summarized 
proportion of resistant S. mutans, S.intermedins and S.salivarius was significantly higher 
among the IE isolates (7 of 7) than among gingival sulcus isolates (2 of 30; p<0.005) 
(Fig.2). 
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Figure 2. Species distribution and susceptibility of viridans streptococcal isolates to platelet releasate 
bactericidal activity. IE, islotes from blood specimens of IE patients. Sulc, isolates from the sulcus 
gingivalis of IE patients and patients with non-IE cardiac diseases. 
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DISCUSSION 

Bactericidal proteins released by platelets upon thrombin stimulation have been 
recognized as an important innate host defense mechanism against experimental IE in 
rabbits (4). These platelet proteins most likely are responsible for the clearance of adherent 
VS from VGs within 2 h after these bacteria had adhered (5). In the same experimental IE 
model, Sullam et al (34) observed that VGs of thrombocytopenic rabbits were colonized 
with higher numbers of S. aureus than non-thrombocytopenic controls. In addition, an S. 
aureus mutant strain with reduced susceptibility to rabbit platelet microbicidal proteins 
proliferated to higher densities in VGs, and, in contrast to the susceptible parent strain, were 
also cultured from kidneys and spleens after hematogenous dissemination (6). 

In this study we present 2 lines of evidence further supporting the role of the 
bactericidal proteins released from platelets in the host defense against IE. Firstly, VS 
causing IE appeared to be selected for low susceptibility to human platelet bactericidal 
activity. Only 14% of the 73 VS isolates from the blood of IE patients were susceptible to 
the standard platelet releasates. In contrast, the proportion of susceptible VS among isolates 
from their sulcus gingival was high, and was similar that among sulcus isolates from 
persons with non-IE cardiac disease, and from the blood of non-IE bacteremic patients. Of 
note, the species distribution of the IE-causing VS isolates also highlighted this selectivity 
for platelet releasate resistance. Only 12% of the randomly collected 83 gingival sulcus 
isolates were of the intrinsically resistant S. sanguis, whilst this species represented 29% of 
all isolates causing IE. This frequency of S. sanguis among IE-causing VS is similar to 
frequencies reported earlier (7, 26, 27). S. mitis was the predominant species cultured from 
blood and the gingival sulcus. More than 90% of the gingival sulcus isolates and the non-IE 
bacteremia isolates were susceptible, whereas 78% of the isolates from blood cultures of IE 
patients were resistant to platelet bactericidal activity (Fig. 2). Finally, strains of S. mutans, 
S. intermedins and S. salivarius isolated from IE patients were resistant, while almost all 
gingival sulcus isolates of these species were susceptible. A similar selectivity for reduced 
susceptibility among IE isolates has been reported for staphylococci (37). 

Since platelet bactericidal activity was assumed to contribute significantly to the 
defense against the onset of experimental IE due to VS (5), neutralization of this activity 
would enhance the susceptibility of rabbits for IE. We aimed to neutralize the platelet 
bactericidal activity by vaccination of rabbits to induce antibodies against platelet 
bactericidal proteins, and subsequently to test the susceptibility of these rabbits to IE due to 
VS. Human platelets contain at least 10 antibacterial proteins, designated thrombocidins, 
with different activity against various bacterial species (23). Similarly, rabbit platelets 
contain at least 7 different platelet microbicidal proteins (PMPs) (39). Because of these 
high numbers of microbicidal proteins in humans as well as in rabbits, and because the 
individual proteins have not been purified or are not available in sufficient quantities, 
rabbits were vaccinated with sonicate-sups prepared from human platelets. Sonicate-sups 
similar bactericidal activity as releasates from thrombin-stimulated platelets were used, to 
avoid induction of anti-thrombin antibodies (33), which might interfere with coagulation 
and formation of VGs. 

The rabbit immune sera collected after 4 vaccinations contained antibodies that 
precipitated with human platelet sonicate-sup antigens, and recognized purified human 
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thrombocidins in a Western blot (Fig.4). The immune sera neutralized bactericidal activity 
of human as well as of rabbit platelets. The most likely explanation for this neutralization is 
that human and rabbit bactericidal proteins are antigenically related. To verify this 
assumption, purified rabbit platelet microbicidal proteins would have to be tested for their 
reactivity with the rabbit immune sera. 

In the traditional experimental IE model ,with the catheter left in place during 
challenge, vaccination with pooled human platelet sonicate-sups rendered the rabbits more 
susceptible to IE due to the releasate susceptible strains J30 and S224. 
Enhancement of susceptibility for IE due to vaccination was also found in rabbits with 
catheter-induced VGs and challenged with 105 cfu of strain J30 after the catheter had been 
removed (Table 3). Removal of the catheters 24 h prior to challenge strongly reduced the 
susceptibility of non-vaccinated rabbits for IE. None of them developed IE, whilst more 
than 90% of non-vaccinated rabbits with the catheter left in place deloped IE after 
challenge with 105 cfu. Our data showed that neutralization of platelet bactericidal activity 
strongly enhanced the susceptibility of rabbits for IE due to the platelet releasate-
susceptible strain, even in the abscence of the catheter during challenge. The relevance of 
platelet released bactericidal proteins in the pathogenesis of experimental IE can also be 
deduced from the data obtained with strain U108, which is hardly killed during exposure to 
platelet releasates in vitro. The incidence of IE due to this strain was independent on the 
vaccination status of the rabbits . 

The enhanced susceptibility to IE of the vaccinated rabbits was not due to an 
increased adherence of circulating VS to the VGs. In non-vaccinated rabbits the number of 
adherent VS per VG at 5 min after challenge with 104 cfu and with 105 cfu ranged from 1 to 
38 (mean 14) cfu, and from 2 to 58 (mean 18) cfu, respectively. In vaccinated rabbits the 
number of adherent VS 5 min after challenge was not different (not shown). The magnitude 
and duration of bacteremia were not different either in the vaccinated and non-vaccinated 
rabbits. Blood samples taken at 30 min after challenge with 104 cfu were culture-negative, 
and after challenge with 105 cfu were either sterile or had low numbers of cfu, in both 
vaccinated and non-vaccinated rabbits. Thus, the increased incidence of IE in the 
vaccinated rabbits most likely was due to the neutralization of the platelet released 
bactericidal activity at the VG, preventing the clearance of susceptible VS early after their 
adherence to the VGs. 

In the general population the presence of VGs is not rare. VGs were found in 2.4% 
of over 3,000 autopsies of non-IE hospitalized patients (3). The incidence of transient 
bacteremia after daily activities such as chewing candy (17 - 51%, (31)) or tooth brushing 
(7 - 50%, (9)) is very high. The incidence of IE is however rather low, being 1.7-3.8 cases 
per 100,000 person years (31). In persons having cardiac diseases involving IE, the 
incidence is approximately 100-fold higher, being 0.2 - 1.8 per 1,000 person years (19). 
However, even in this patient group, and certainly in the general population, much higher 
incidences of IE would be expected based on the incidence of VGs and transient 
bacteremias. Our experimental data and the observed high frequency of resistance to 
thrombocidin-containing human platelets releasates among VS blood isolates from IE 
patients indicate that thrombocidins may play a protective role against circulating VS 
adhering to VGs, thereby preventing IE due to low grade bacteremia in everyday life. 
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ABSTRACT 

Antibacterial proteins are components of the innate immune system, found in 
many organisms and produced by a variety of cell types. Human blood platelets 
contain a number of antibacterial proteins in their a-granules, which are released 
upon thrombin activation. The present study was designed to purify these proteins 
obtained from human platelets and to characterize them chemically and biologically. 

Platelet granule sonicate contained at least 10 different antibacterial proteins 
with diverse activity against Escherichia coli, Streptococcus sanguis and 
Staphylococcus aureus. The two major antibacterial proteins were purified in a 2-step 
protocol using cation exchange chromatography and continuous acid urea 
Polyacrylamide gel electrophoresis, and were designated thrombocidin-1 (TC-1) and 
TC-2. Characterization of these proteins using mass-spectrometry and N-terminal 
sequencing revealed that TC-1 and TC-2 are variants of the CXC-chemokines 
neutrophil activating peptide-2 (NAP-2) and connective tissue activating peptide-III 
(CTAP-III), respectively. TC-1 and TC-2 differ from these chemokines by a C-
terminal truncation of 2 amino acids. Both TCs, but not NAP-2 and CTAP-III, were 
bactericidal for Bacillus subtilis, E. coli, S. aureus, and Lactococcus lactis, and 
fungicidal for Cryptococcus neoformans. Killing of B. subtilis by either TC appeared to 
be very rapid. Since TCs were unable to dissipate the membrane potential of L. lactis, 
the mechansim of TC-mediated killing most probably does not involve pore 
formation. 
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INTRODUCTION 

During the last decade, antibacterial proteins have been recognized as effectors in 
the innate immune system. The wide-spread presence of such proteins throughout the 
animal kingdom reflects their importance (4,25,27,40,49). The cationic nature of the vast 
majority of these proteins is thought to be crucial to target and disrupt microbial 
membranes (28). Based on their primary structure, antibacterial proteins are classified in 
four groups. The largest group found thus far is formed by the ß-stranded proteins, 
containing 4-6 conserved cysteines linked by disulfide bridges. Defensins are probably the 
best-studied members of this group. Other classes are amphipatic a-helical proteins, 
proline-rich coiled proteins and looped or cyclic proteins (5,28). 

The antibacterial proteins found in man are distributed over a variety of tissues and 
cell types. They have been found in leukocytes, most abundantly in polymorphonucleated 
neutrophils (PMNs1) where they are thought to be involved in the killing of engulfed 
bacteria (24). More recently, cationic antibacterial peptides have also been found in various 
epithelial tissues (54). Enteric defensins are produced and excreted by human (34,35) and 
mouse (32,50) Paneth cells. Beta-defensins, first isolated from bovine neutrophils (55) and 
epithelial tissue of tongue and trachea (15,16,48), have recently been identified in human 
airway (26,57) and urogenital epithelial tissue (61) as well as in plasma (2) and skin 
epithelial cells (29). Expression of some of the epithelial proteins was found to be elevated 
after injury or contact with LPS or bacteria (29,53,58,60), which indicates their relevance in 
non-specific host defense. 

In addition to the cell types mentioned above, human and rabbit blood platelets are 
known to store antibacterial proteins (12,17,33,63,67,70,73). These antibacterial proteins 
are released from platelet a-granules in vitro after activation with thrombin (12). In vivo, 
direct contact of platelets with bacteria causes aggregation and activation of platelets (22). 
The subsequently released antibacterial proteins most likely are involved in the elimination 
of adherent bacteria (13). Dankert et al (12,13) showed that antibacterial proteins released 
from thrombin-activated platelets were involved in the clearance of viridans streptococci 
from cardiac vegetations in the rabbit experimental infective endocarditis (IE) model. 
Viridans streptococci with low susceptibility to these proteins persisted in vegetations, 
while highly susceptible bacteria were rapidly eliminated (13). Similarly, strains of 
Staphylococcus aureus and Candida albicans insusceptible to rabbit platelet microbicidal 
proteins (PMPs) caused more severe experimental IE than did PMP-susceptible strains 
(14,71). Furthermore, thrombocytopenic rabbits (59) or rabbits with antibodies neutralizing 
their platelet bactericidal proteins (39) were more susceptible to streptococcal IE than 
control rabbits. 

The abbreviations used are: PMN, polymorphonuclear cell; LPS, lipopolysaccharide; PMP, platelet microbicidal 
protein; IE, infective endocarditis; TC, thrombocidin; NAP-2, neutrophil activating peptide-2; CTAP-III, 
connective tissue activating peptide-III; ß-TG, ß-thromboglobulin; PBP, platelet basic protein; PF-4, platelet 
factor-4; RP-HPLC, reversed phase high performance liquid chromatography; (C)AU-PAGE, (continuous) acid 
urea Polyacrylamide gel electrophoresis; MW, molecular weight; TSB, tryptic soy broth; cfu, colony forming unit; 
HNP, human neutrophil protein (defensin); MBC, minimal bactericidal concentration; MFC, minimal fungicidal 
concentration; diS-C3[5], 3, 3'-dipropylthiadicarbocyanine iodide. 
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The present study was undertaken to gain insight into the number, structure, 
activity, and mechanism of action of antimicrobial proteins present in human platelets. 

EXPERIMENTAL PROCEDURES 

Isolation of human blood platelets 
Citrated human blood from healthy subjects was obtained from the Central 

Laboratory for Bloodtransfusion, Amsterdam, The Netherlands. Platelets were concentrated 
by the buffy coat method (20) and isolated using a protocol adapted from Fukami (23) and 
Kaplan et al. (37). Buffy coats were pooled in transfer bags (NPBI, Emmer-Compascuum, 
The Netherlands, 8 buffy coats per bag, approximately 550 ml), to which 200 ml of PBS + 
0.38% trisodium citrate (w/v) was added. The bags were blown tight with air and 
centrifuged for 5 min at 600 x g at 20°C. The upper three quarters of the volume of each 
bag, containing platelets, were transferred into new bags. To this platelet concentrate, 1/9 
volume of citrate solution [75 mM trisodium citrate; 38 mM citric acid] was added. The 
bags were blown tight again, and were centrifuged at 1,750 x g at 20°C for 10 min. The 
supernatants were removed and platelets were resuspended in Tris-citrate [63 mM Tris-
HC1; 95 mM NaCl; 5 mM KCl; 12 mM citric acid; pH 6.5] by gentle massage. The platelet 
suspensions were collected in a siliconized flask. The bags were washed once with Tris-
citrate, and this washing was added to the platelet suspension. Processing of 48 buffy coats 
routinely yielded approximately 75 ml of highly concentrated platelet suspension 
containing less than 0.05% leukocytes, as determined with a Coulter counter. 

Isolation of platelet granules and preparation of platelet granule sonicate 
Platelet concentrate was kept on ice and was cavitated 3 times for 15 min under 

nitrogen at 60 arm in a cavitation chamber (Parr Instrument Co, Moline, IL, USA). Cavitate 
was collected in siliconized polypropylene tubes (Becton-Dickinson, Leiden, The 
Netherlands). Cavitation resulted in 90% homogenization of the platelets as determined 
with a Coulter counter. Intact and disrupted platelets were removed by centrifugation 
(5,000 x g, 20 min). The supernatant was collected and centrifuged at 12,000 x g for 20 min 
to pellet the granules. The pellet was resuspended in 5% acetic acid and sonicated for 30 
seconds on ice to disrupt the granules, using a Branson model B15 sonifier (Branson, Soest, 
The Netherlands). The granule sonicate was kept at 4°C for 24 hours to extract protein, and 
was subsequently centrifuged at 125,000 x g for 60 min to remove granule debris. The 
supernatant containing the extracted proteins was dialyzed against 5% acetic acid using 
3,500 molecular weight cut-off dialysis tubing (Spectrum, Breda, The Netherlands). Protein 
concentration was determined using a BCA protein assay kit (Pierce, Rockford, IL, USA). 

Estimation of the number of antibacterial proteins in platelet granule sonicate 
To obtain insight into the number and activities of antibacterial proteins in human 

platelet granules, granule protein was subjected to a pre-purification step, followed by CI8 
RP-HPLC separation of the proteins and screening for antibacterial activity. Pre-
purification of platelet granular proteins obtained by cavitation and sonication was 
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performed using a Sephacryl S200 gelfiltration column (Pharmacia, Uppsala, Sweden, 2.5 x 
90 cm). Fifteen ml of dialyzed granule sonicate containing 10-12 mg protein per ml was 
applied. Protein was eluted in 5% acetic acid under gravitational force (0.4 ml/min). 
Fractions of 2.5 ml were collected in glass tubes, and the absorbance at 280 nm was 
measured. Aliquots of 50 ul were analysed for antibacterial and lysozymal activity in radial 
diffusion assays (see below). Fractions containing antibacterial activity were pooled, 
lyophilized and dissolved in 5% acetonitrile. Subsequently, proteins were separated by RP-
HPLC chromatography on an HS Hyper Prep C18 column (10 x 250 mm, Alltech, 
Deerfïeld, IL, USA). Water (purified on a water purification system, Millipore, Etten-Leur, 
The Netherlands) and acetonitrile (HPLC-grade, Baker, Deventer, The Netherlands), both 
supplemented with 0.1% trifluoroacetic acid (Baker, Deventer, The Netherlands) were used 
as eluents. Protein was eluted at 1 ml/min with an isocratic step of 5% acetonitrile for 10 
min, followed by a shallow linear gradient from 5 to 35% acetonitrile (4% per h). Fractions 
of 2 ml were collected and 50 ul-aliquots were used for testing antibacterial and lysozymal 
activity in radial diffusion assays. 

Purification of thrombocidins from platelet granule sonicate 
To purify the major antibacterial proteins from human platelet granule sonicate to 

homogeneity, a rapid 2-step protocol was applied. As the first step we used a CM-
Sepharose (Pharmacia, Uppsala, Sweden) ion exchange column (2.5 x 30 cm) equilibrated 
in phosphate buffer (50 mM, pH 7.0). Twenty-five ml of sonicate obtained from 
approximately 40 buffy coats and containing 3.5 mg protein per ml was applied to the 
column at 0.8 ml/min. The column was washed with phosphate buffer at 0.8 ml/min, and 
protein was eluted in a linear salt gradient from 0 to 1 M NaCl in phosphate buffer. 
Fractions of 4 ml were collected and dialyzed against 1% acetic acid. Cationic antibacterial 
proteins were detected using acid urea Polyacrylamide gel electrophoresis (AU-PAGE) and 
gel overlay assays (see below). Fractions containing antibacterial proteins were pooled and 
lyophilized. Proteins were further purified using continuous acid urea (CAU-)PAGE as 
described by Harwig et al (30) with slight modifications. A cylindrical gel (3.7 cm in 
diameter, 7 cm heigh; 12.5% acrylamide, 5% acetic acid, 5M urea) was prepared in a 
Model 491 Prep Cell (BioRad, Veenendaal, The Netherlands). The gel was polymerized at 
37°C and prerun at 200V for 2 h in 5% acetic acid. Protein was dissolved in sample buffer 
(3M urea in 5% acetic acid with methyl green as the tracking dye) and electrophorized at 40 
mA with reversed polarity. Protein was eluted in 5% acetic acid at 0.8 ml/min and collected 
in fractions of 4 ml. Antibacterial proteins were detected by AU-PAGE and gel overlay 
assays (see below). 

Purification of NAP-2, CTAP-III and PF-4 
Since TC-1 and TC-2 appeared to be variants of the CXC-chemokines NAP-2 and 

CTAP-III, we tested the antibacterial activity of these proteins, as well as of platelet factor-
4 (PF-4), another platelet CXC-chemokine. CTAP-III, NAP-2 and PF-4 were purified from 
release supernatants of thrombin-stimulated platelets, as previously described (6,8,43,51). 
Briefly, CTAP-III (together with other variants of ß-thromboglobulin antigen) was 
absorbed by immunoaffmity chromatography and then purified to homogeneity using 
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sequential cation exchange (8) and reversed-phase chromatography (6). NAP-2 was then 
generated from CTAP-III by limited digestion with chymotrypsin and purified by reverse-
phase chromatography (43). PF-4 was isolated from the flow-through of the 
immunocolumn obtained after absorption of beta-thromboglobulin antigen, and then further 
purified by sequential heparin-sepharose and reversed-phase chromatography (51). All 
chemokine preparations exceeded 99% purity and contained no detectable protein 
contaminants as judged from analysis by silver-stained SDS-PAGE and by automated N-
terminal sequence analysis. The C-terminus of CTAP-III and NAP-2 was intact, as probed 
in Western blots by reactivity of the chemokines with an antiserum that required the 
ultimate aa-residue for binding to beta-thromboglobulin proteins (7). Furthermore, the full 
length of CTAP-III (85 aa), NAP-2 (70 aa) and PF-4 (70 aa) was verified by matrix-assisted 
desorption/ionization (MALDI) mass spectroscopy. 

Protein sequencing and mass spectrometry 
Sequencing of thrombocidins was performed at the Sequencing Unit of the 

University of Utrecht by automated Edman degradation (Applied Biosystems model 476A 
Protein Sequencer, San Jose, CA, USA). Electrospray ionization mass spectrometry was 
performed on a hybrid quadrupole time-of-flight mass spectrometer, a Q-TOF (Micromass, 
Manchester, UK), equipped with an on-line nanoelectrospray interface (capillary tip 20 um 
internal diameter x 90 um outer diameter) with an approximate flow rate of 250 nl/min. 
This flow was obtained by splitting of the 0.4 ml/min flow of a conventional high pressure 
gradient system 1 to 1000, using an Acurate flow splitter (LC Packings, Amsterdam, The 
Netherlands). Lyophilized samples were dissolved in water/methanol/acetic acid (50/50/1, 
v/v/v). Injections were done with a dedicated micro/nano HPLC autosampler, the FAMOS 
(LC Packings, Amsterdam, The Netherlands) in flow injection analysis mode. 
Thrombocidins were treated with trypsin (Difco, Detroit, MI, USA; 1:100, w/w) in 
ammonium hydrogen carbonate (50 mM, pH 8.0) for 18 h. Mass spectra of the tryptic 
digests were recorded from mass 50-2,000 Da every second with a resolution of 5000 full 
width half maximum. The resolution allows direct determination of the monoisotopic mass, 
also from multiple charged ions. In MS/MS mode ions were selected with a window of 2 
Da with the first quadrupole, and fragments were collected with high efficiency with the 
orthogonal time-of-flight mass spectrometer. The collision gas applied was argon (4 x 10" 
5mbar), and the collision voltage was approximately 30V. 

Acid urea Polyacrylamide gel electrophoresis (AU-PAGE) 
CM-Sepharose and CAU-PAGE-purified proteins were analyzed using AU-PA 

slab-gels (12.5% acrylamide, 5% acetic acid, 5M urea). After polymerization at 37°C the 
gels were prerun in 5% acetic acid at 150 V until the current was constant (ca. 8 mA). 
Samples to be analyzed were lyophilyzed, dissolved in 8 ul of sample buffer (3M urea in 
5% acetic acid with methyl green as the tracking dye) and electrophorized in 5% acetic acid 
at 150 V with reversed polarity. Gels were either stained with 0.1% Coomassie blue in 50% 
methanol and 10% acetic acid, or by silverstaining according to Blum et al (3). Gels run in 
parallel were used in overlay assays to localize antibacterial proteins (see below). 
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Detection of antibacterial proteins by gel overlay assay 
Gel overlay assays to detect activity of antibacterial proteins in acid urea gels were 

performed according to Lehrer et al (41) with minor modifications. The test strain 
Escherichia coli ML35 was grown in Tryptic soy broth (TSB, Difco, Detroit, MI, USA) at 
37°C overnight. This culture was diluted 50 times in fresh TSB and bacteria were grown to 
log-phase in 2.5 h. Bacteria were pelleted at 14,000 x g for 30 sec and washed twice with 
PBS (pH 7.4). For each assay an inoculum of 5 x 107 cm was suspended in 15 ml of 
nutrient-poor agarose of 42°C (10 mM sodiumphosphate buffer pH 7.4; 0.06% [w/v] TSB; 
1% [w/v] type I agarose [Sigma, St. Louis, MO, USA]). This suspension was poured into a 
square 12 x 12 cm dish (Hospidex, Nieuwkoop, The Netherlands). Immediately after 
electrophoresis, acid urea slab gels were washed 3 times for 12 min in phosphate buffer (10 
mM, pH 7.4) and placed on top of the bacterial agarose bottom. After incubation at 37°C 
for 3 h, the gels were removed and a nutrient-rich agar (6% [w/v] TSB, 1% [w/v] agar 
noble [Difco, Detroit, MI, USA]) was poured over the bottom layer to allow growth of 
surviving bacteria. Clear zones after overnight incubation at 37°C indicated the presence of 
antibacterial proteins. 

Radial diffusion assay 
Chromatographic fractions of human platelet granule sonicates were assayed for 

antibacterial activity by radial diffusion assay (41). An agarose bottom containing either E. 
coli ML35, Streptococcus sanguis U108 (strain 2 in (13)) or Staphylococcus aureus 42D 
was prepared as described for the gel overlay assay. Evenly spaced 3 mm wells were 
punched in the agarose. Samples to be analyzed for antibacterial activity were lyophilized, 
dissolved in 5 ul of 0.01% acetic acid and transferred to the wells. Three ug of purified 
HNP 1-3 in 3 ul was included as a positive control. The dish was incubated at 37°C for 3 
hours to allow diffusion of antibacterial protein, and subsequently 15 ml of nutrient-rich 
agar (6% [w/v] TSB; 1% [w/v] agar noble [Difco, Detroit, MI, USA]) was poured over the 
bottom layer. Plates were incubated overnight at 37°C to allow growth of surviving 
bacteria. Areas of clear zones were used as a measure of antibacterial activity. 

Detection of lysozymal activity 
Lysozymal activity in chromatographic fractions was determined by a radial 

diffusion assay in which lyophilized Micrococcus lysodeikticus cell walls (Sigma, St. 
Louis, MO, USA) were used as the substrate (final concentration 3 mg/ml). Cell walls were 
homogenized in 66 mM phosphate buffer pH 7.0, and mixed with low EEO agarose 
(Sigma, St. Louis, MO, USA) (1% [w/v] final concentration) in the same buffer. Fifteen ml 
of cell wall-containing agarose was poured into square dishes (12 x 12 cm), and evenly 
spaced 3 mm wells were punched. Samples (5 ul in 0.01% acetic acid) were pipetted into 
the wells. The dishes were incubated for 4-5 hours at 37°C after which diameters of clear 
zones were measured. 

Microbicidal assay 
Microbicidal activity of purified thrombocidins and of NAP-2, CTAP-III and PF-4 

was quantified in a liquid microbicidal assay. Suspensions of logarithmically growing test 

41 



Chapter 3 

bacteria (B. subtilis ATCC6633, E. coli ML35 or S. aureus 42D) were prepared as 
described for the overlay assay. Two fungi, Candida glabrata and Cryptococcus 
neoformans (both clinical isolates) were maintained on Isosensitest agar plates (Oxoid, 
Unipath, Basingstoke, Hampshire, UK) and cultured for 48 h at 30°C in 0.7% [w/v] yeast 
nitrogen base (YNB, Difco, Detroit, MI, USA), supplemented with 0.15% [w/v] L-
asparagine (Merck, Darmstadt, Germany) and 1% [w/v] glucose (Merck). Bacteria and 
fungi were diluted to 1-2 x 105 cfu/ml in 10 mM phosphate buffer, pH 7.0 + 0.06% [w/v] 
TSB. Two-fold serial dilutions of the protein to be tested were prepared in 0.01% acetic 
acid and 5 ul aliquots were transferred to a low protein binding polypropylene microtiter 
plate (Costar, Cambridge, USA). To each of the wells, 45 ul of the bacterial suspension was 
added. The plate was incubated on a rotary shaker (300 rpm) at 37°C. After 2 hours, 
aliquots of 0.5 ul and 10 ul were plated on blood agar plates (bacteria) or isosensitest agar 
plates (fungi) and incubated at 37°C. Alternatively, 10 ul-aliquots were spotted in duplicate 
on plates which had been dried for 1 h at 37°C. In some cases, 150 ul of TSB was added to 
the remainder of the incubations, and the microtiter plate was incubated at 37°C. 
Microbicidal activity was assessed the next day (bacteria) or after 48 h (fungi) after 
counting colonies on the agar plates and by visual inspection of growth in the microtiter 
plates. MBC and MFC were defined as the concentration of protein at which <0.1% of the 
inoculum survived after the 2 hours of exposure. All experiments were performed at least in 
duplicate. 

Measurements of membrane potential (Avj/) of L. lactis 
The influence of TCs on membrane potential was assessed using Lactococcus 

lactis IL 1403 (46). This strain was grown at 30 °C in Ml7 broth (Oxoid) supplemented 
with 25 mM galactose plus 50 mM L-malate. The cells were harvested in the mid-
exponential phase of growth, and washed and resuspended in 50 mM potassium phosphate, 
pH 6.5 or 5.0 The membrane potential (Avj/) was measured using the A\|/-sensitive 
fluorescent dye 3, 3'-dipropylthiadicarbocyanine iodide (diS-C3[5]). The cells were diluted 
to a final concentration of 20 ug of protein / ml in 50 mM KPi of the indicated pH and 
equilibrated at 30 °C; the final diS-C3(5) concentration was 3 uM. The excitation and 
emission wavelengths were 643 and 666 nm, respectively. The membrane potential was 
generated upon addition of either 25 mM of glucose or 25 mM of L-malate as source of 
metabolic energy. 

RESULTS 

Estimation of the number of antibacterial proteins in platelet granule sonicate 
Platelet granule sonicate was subjected to S200 gel filtration chromatography and 

the antibacterial activity of the collected fractions was tested by radial diffusion assays 
using E. coli and S. sanguis as test organisms. Antibacterial activity against both test 
organisms largely coeluted, and also coeluted with the majority of the lysozymal activity 
(not shown). The fractions containing these activities were pooled, lyophilized and 
analyzed further by CI 8 RP-HPLC. A shallow gradient was applied to allow separation of 
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Figure 1. Survey of antibacterial activity present in human platelet granule sonicate. Platelet 
granule sonicate, pre-purified by S200 gel permeation chromatography, was subjected to CI 8 RP-
HPLC. A shallow gradient (dashed line) of acetonitril in water was applied to elute protein. 
Absorbance at 280 nm (solid line) was recorded during elution. Presence of antibacterial activity in 
collected fractions was tested against E. coli ML35, S. sanguis U108 and S. aureus 42D in radial 
diffusion assays, and is indicated by gray bars. Lysozymal activity is represented by the black bar. 
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the numerous proteins present in the mixture (Fig. 1). Almost all proteins eluted between 10 
and 35% acetonitril. All collected fractions were analyzed for antibacterial activity in radial 
diffusion assays using E. coli ML35, S. sanguis U108 and S. aureus AID as test organisms. 
Some fractions contained activity directed against all 3 micro-organisms, while others 
inhibited the growth of only one species. The latter was especially true for protein eluting at 
approximately 110 min, which was only active against S. aureus (activity ' 1 ' in Fig. 1), and 
for protein eluting between 360 and 440 min, with activity against E. coli (activities '8-10' 
in Fig. 1). Protein eluting between 200 and 300 min had activity against all 3 organisms 
(Fig. 1). 

Based on their distribution in the total chromatogram and the differential activities 
against the bacterial species tested, we conclude that human platelet granules store at least 
10 different antibacterial proteins in addition to lysozyme (Fig. 1). 

Purification of thrombocidins from platelet granule sonicate 
In order to purify the major antibacterial proteins from granule sonicate to 

homogeneity, we used CM-Sepharose cation exchange chromatography followed by CAU-
PAGE. Fractions obtained after CM-Sepharose chromatography were analysed on two acid 
urea gels run in parallel. One gel was silverstained (Fig. 2A), the other was used to assay 
antibacterial activity in an overlay assay (Fig. 2B). The antibacterial activity present in the 
crude granule sonicate (Fig. 2, "son") was separated from the bulk of the protein (fraction 
10), and eluted in fractions 35 through 75 in the salt gradient. The major antibacterial 
activity could be assigned to 2 proteins present in fractions 45 through 75 (Fig. 2B). These 
fractions were pooled, dialyzed extensively against 0.1% HAc, lyophilized, and subjected 
to CAU-PAGE. Fractions were again analyzed on 2 acid urea gels run in parallel, one of 
which was silverstained (Fig. 2C) while the other was analyzed for antibacterial activity in 
an overlay assay (Fig. 2D). Both crude granule sonicate and the CM-Sepharose-purified 
thrombocidins were included in this analysis. The CM-Sepharose-purified preparation 
appeared to contain 2 antibacterial proteins. The most cationic protein was designated as 
Thrombocidin-1 (TC-1), and the second, slightly less cationic one as TC-2. After CAU-
PAGE these proteins were effectively separated, with TC-1 collected in fractions 35-41 and 
TC-2 in 45-51 (Fig. 2C). In the AU gels, TC-1 and TC-2 migrate at positions identical to 
the main antibacterial activities in crude platelet sonicate (Fig. 2C and D). TC-1 and TC-2 
thus can be considered to be major antibacterial compounds in platelet granules. 

Characterization of TC-1 
Several attempts to determine the N-terminal sequence of TC-1 by Edman 

degradation were not successful. Mass-spectrometrical techniques were used to elucidate 
the structure of TC-1. Analysis by MALDI spectrometry revealed that the purified TC-1 
preparation contained a 7,435.9 Da protein, together with minor amounts of proteins of 
similar size (Table I). ES spectrometry revealed a mass of 7,436.3 Da, confirming the mass 
of the major protein in the preparation, identified by MALDI. This component will further 
be referred to as TC-1. Sequence data were obtained by trypsin digestion of TC-1 followed 
by mass-spectrometrical analyses in MS/MS mode of the resulting fragments. The 
sequences of 2 fragments, of 839.5 and 590.3 Da, were TTSGIHPK and LAGDES, 
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respectively. These sequences were identical to internal sequences of platelet basic protein 
(PBP), a 
10,262 Da platelet protein (Table I, Fig. 3). The mass of undigested TC-1 was less than that 
of PBP, and even smaller than the smallest known degradation product of PBP, neutrophil 
activating protein-2 (NAP-2; 7,623 Da). The difference of 186 Da can be explained by 
assuming that TC-1 is NAP-2, truncated C-terminally by 2 amino acids (Ala-Asp). The 
presence of a 590.3 Da C-terminal fragment, LAGDES, and the absence of a fragment with 
the mass of LAGDESAD in the tryptic digest of TC-1 confirm the C-terminal truncation. 
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Figure 2. Purification of thrombocidins by CM-Sepharose chromatography and CAU-PAGE. 
Thrombocidins were pre-purified from platelet granule sonicate by CM-Sepharose chromatography 
(panels A and B). Of the indicated fractions, 50 ul aliquots were analyzed on 2 acid urea gels run in 
parallel, followed by silverstaining of one gel (panel A) and an overlay assay of the other gel (panel 
B). Fractions containing antibacterial protein were pooled and further purified by CAU-PAGE (panels 
C and D). Fractions collected in the second purification step were also analyzed on acid urea gels, 
followed by silverstaining (panel C) and overlay assay (panel D). Platelet granule sonicate (son) and 
CM-sepharose-purified thrombocidins (CM) were included. E. coli ML35was used as the test 
organism in the overlay assays (panels B and D). 
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Table I. Characterization of thrombocidins. Molecular weights (MWs) of TC-1 and TC-2 were 
determined by electrospray and MALDI-TOF mass-spectrometry. Trypsin-treated TCs were analyzed 
by electrospray mass-spectrometry and sequences of selected fragments were determined in MS/MS 
mode. Theoretical MWs of TCs are based on average masses, those of tryptic fragments on mono-
isotopic masses. 

Component 
Experimental 

MW (Da) 

Internal sequence of 
PBP matching 

experimental MW(a) 

Theoretical 
MW (Da) 

Thrombocidin-1 

Electrospray 7436.3 A25-S92 7437.5 

Proteins in MALDI -spectrum 
TC-1 7435.9 A25-S92 7437.5 
TC-la^ 7600.6 Y24-S92 7600.7 
TC-lb0" 7219.3 A25-D90 7220.9 
TC-lc(b) 7106.2 A25-G89 7105.8 

Tryptic fragments 839.5 
590.3 

T34-K4! 

L87-S92 

839.5 
590.3 

Thrombocidin-2 

Electrospray 9100.5 N10-S92 9101.5 

Proteins in MALDI -spectrum 
TC-2 9106 N10-S92 9101.5 
TC^a0 0 10081 S1-S92 10075.6 

Tryptic fragments 839.5 
590.3 

T34-K41 

L87-S92 

839.5 
590.3 

1091.5 G14-L23 1091.5 

(a) Amino acid numbering of PBP as in Fig. 3 (b) Minor component 

In the MALDI spectrum of TC-1, three minor proteins were observed (TC-1 a to 
lc, Table I). The sequences of these proteins have not been determined directly, but their 
recorded masses can be explained by assuming that they also are derivatives of PBP, having 
N- and C-termini slightly different from TC-1. The N-terminus of TC-1 and of NAP-2 
results from cleavage of PBP between Tyr24 and Ala2s, the cleavage site of chymotrypsin 
(8,9). TC-la has an MW of 7,600.6, 164 Da larger than TC-1. This suggests the presence of 
an N-terminal tyrosine preceding Ala2s, possibly resulting from alternative cleavage 
between Leu23 and Tyr24 in PBP. Two other minor compounds were TC-lb and TC-lc with 
MWs of 7219.3 and 7106.2 Da, respectively. These values correspond to masses of proteins 
derived from TC-1 by further truncation by 2 (ES) or 3 (DES) C-terminal amino acids 
(Table I). 
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Characterization of TC-2 
The N-terminal sequence of TC-2 was determined by Edman degradation to be 

NLAKGKEESLDSDLY, which is identical to the N-terminal sequence of connective tissue 
activating protein-III (CTAP-III). CTAP-III is a major platelet a-granule protein and, like 
NAP-2, a known degradation product of PBP (Fig. 3). The molecular weight of TC-2 was 
9100.5 Da as determined by electrospray mass-spectrometry (Table I). This is less than the 
theoretical MW of CTAP-III (9287.7 Da), which can be explained by the absence of the 
two C-terminal amino acids (Ala-Asp) present in CTAP-III. The calculated mass of this 
molecule (9101.5) is in accordance with the mass found experimentally for TC-2. Analysis 
of tryptic fragments of TC-2 revealed the presence of a 590.3 Da fragment with the 
sequence LAGDES, confirming the C-terminal truncation as in TC-1 (Table I). Of TC-2, 
two other fragments were identified, TTSGIHPK (839.5 Da) and GKEESLDSDL (1091.5 
Da) of which the latter is absent in TC-1, as expected (Table 1, Fig. 3). In the MALDI 
spectrum of TC-2 one minor peak was detected (TC-2a, Table I) with a MW of 10,081 Da. 
This value corresponds to the mass of PBP, truncated C-terminally by two amino acids 
(Ala-Asp). This molecule could be a precursor of TC-2. 

T C - 1 AELRCM30CIKTTSGIHP40KNIQS 
NAP-2 AELRCM30CIKTTSGIHP40KNIQS 
TC-2 N10LAKGKEESLD20SDLYAELRCM30CIKTTSGIHP4oKNIQS 
C T A P - I I I N10LAKGKEESLD20SDLYAELRCM3oCIKTTSGIHP40KNIQS 
PBP SSTKGQTKRN10LAKGKEESLD20SDLYAELRCM30CIKTTSGIHP4oKNIQS 

T C - 1 LEVIG50KGTHCNQVEV60IATLKDGRKI7oCLDPDAPRIK80KIVQKKLAGD90ES 
NAP-2 LEVIG5oKGTHCNQVEV6oIATLKDGRKI70CLDPDAPRIK80KIVQKKLAGD9oESAD 
TC-2 LEVIG5oKGTHCNQVEV60IATLKDGRKI7oCLDPDAPRIK80KIVQKKLAGD90ES 
C T A P - I I I LEVIG5oKGTHCNQVEV60IATLKDGRKI7oCLDPDAPRIK80KIVQKKLAGD9oESAD 
PBP LEVIG5oKGTHCNQVEV60IATLKDGRKI70CLDPDAPRIK80KIVQKKLAGD90ESAD 

Figure 3. Sequence alignment of thrombocidins and related chemokines. TC, thrombocidin; 
NAP-2, neutrophil activating peptide-2; CTAP-III, connective tissue activating peptide-III; PBP, 
platelet basic protein. 
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Fig. 4. Bactericidal activity of thrombocidins. Bacteria in logarithmic phase (E. coli ML35, B. 
subtilis ATCC6633 or S. aureus 42D, 1-2 x 105cfu/ml) were exposed to TC-1 and TC-2, serially 
diluted in lOmM phosphate buffer (pH 7.0) + 0.06% (w/v) TSB, for 2 h at 37°C. Colonies were 
counted after plating incubations on blood agar plates. Experiments were performed at least in 
duplicate; results from duplicate incubations never differed >20%. MBCs never differed more than 
one dilution step. 
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Bactericidal activity of thrombocidins 
Bactericidal activity of purified TC-1 and TC-2 was investigated by determination 

of their MBC values for S. aureus 42D, B. subtilis ATCC6633 and E. coli ML35 (Fig. 4). 
B. subtilis was the most susceptible organism with MBCs of 0.4 and 0.7 uM of TC-1 and 
TC-2, respectively. E. coli ML35 was somewhat less susceptible, with MBC values of 3.4 
and 2.7 uM of TC-1 and TC-2, respectively. MBCs of TC-1 and TC-2 for S. aureus 42D 
were 6.8 uM and 11 uM, respectively (Fig. 4). Incubations from which no bacteria could be 
recovered after 2 h of incubation never showed visible growth after addition of growth 
medium and overnight incubation (not shown). 

Kinetics of bactericidal activity was investigated by exposure of B. subtilis to 3 
uM of TC (Fig. 5). Killing by TC-1 appeared to be very rapid, causing a 3-log fold 
reduction of the inoculum within 1 min, and a 5-log fold reduction within 5 min. At 3 uM, 
killing by TC-2 was slower, reaching 3-log and 5-log fold reduction after 25 and 30 min, 
respectively (Fig. 5). 
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Fig. 5. Kinetics of bactericidal activity of TC-1 and TC-2 against B. subtilis ATCC6633. Bacteria 
(1 x 105cfu/ml) grown to log-phase were exposed to 3 uM TC-1 (O) or TC-2 ( • ) at 37°C. At given 
timepoints, aliquots were plated on blood agar plates and colonies were counted the next day. The 
average of three independent experiments (± SD) are given. 
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Table II. Fungicidal activity of thrombocidins. Fungi (1-2 x 105 cfu/ml) were exposed to TC-1 and 
TC-2 serially diluted in 10 mM phosphate buffer (pH 7.0) + 0.06% (w/v) TSB for 2 h at 37°C. MFCs 
were determined after plating incubations on SEN-agar plates. Duplicate experiments showed 
identical results. 

MFC (uM) 

TC-1 TC-2 

Cryptococcus neoformans 

Candida glabrata 

1.9 

>30 

30 

>30 

Fungicidal activity of thrombocidins 
Fungicidal activity of thrombocidins was tested using the same experimental set up 

as for the bactericidal activity testing. Both TC-1 and TC-2 appeared to be inactive against 
Candida glabrata up to 30 uM (Table II). Cryptococcus neoformans, however, was highly 
susceptible to TC-1 with an MBC of 1.9 uM (Table II). TC-2 was less active (MBC of 30 
uM), but still capable of killing this organism. 

Antibacterial activity of NAP-2, CTAP-m and PF-4 
In order to investigate whether antibacterial activity is a general characteristic of 

platelet CXC-chemokines, purified NAP-2, CTAP-III and PF-4 were tested in a bactericidal 
assay. B. subtilis was used as the test organism, since it was the organism with the highest 
susceptibility to thrombocidins (Fig. 4). Each chemokine was tested up to a concentration 
of 30 uM. Neither NAP-2 nor CTAP-III was bactericidal for B. subtilis, E. coli or S. 
aureus. PF-4 caused a reduction in viable counts of B. subtilis by approximately 90% at 30 
uM (not shown). 

Membrane-activity of TCs 
Lactococcus lactis IL 1403 was highly susceptible to TC-1 and had an MBC of 0.5 

uM. Since many antimicrobial peptides have been shown to act via A\|/-dissipating 
processes (36,64,68), the A\|/-sensitive fluorescent dye 3, 3'-dipropylthiadicarbocyanine 
iodide (diS-C3[5]) was used to assess the effects of TC-1 and TC-2 on the membrane 
potential generated by glycolyzing or L-malate-metabolizing cells of L.lactis IL 1403. The 
degree of fluorescence quenching of diS-C3[5] is directly proportional to the membrane 
potential across the cytoplasmic membrane of the cells. 

In glycolyzing cells of L.lactis the membrane potential is generated by proton 
extrusion via the F0FrATPase after sugar breakdown in the Embden-Meyerhof pathway, 
whereas in L-malate-metabolizing cells the membrane potential results from the 
electrogenic exchange of L-malate for L-lactate (52). The latter pathway, that is malolactic 
fermentation, only involves one enzyme, i.e., malolactic enzyme, in addition to the L-
malate/L-lactate exchanger. If the TC-induced killing results from the dissipation of the ion 
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Figure 6. Effect of thrombocidins on the Ai|/ of glycolyzing and malate-metabolizing Lactococcus 
lactis IL 1403 cells. Panel A, L. lactis cells were resuspended to a final protein concentration of 20 fig 
of per ml in 50 mM potassium phosphate, pH 6.5, containing 3 uM diSC3[5]. At time zero (not 
depicted), glucose was added to a final concentration of 25 mM which resulted in the generation of a 
membrane potential (observed as a decrease in fluorescence). After about 4 min, TC-1 (2 uM, final 
concentration), TC-2 (2 \M) or nisin (1 uM) was added. Further details are described under Materials 
and Methods. Panel B, experimental conditions were the same as the described for panel A, except 
that the pH was 5.0, and 25 mM L-malate was used to energize the cells. After about 2 min, TC-1 (1 
uM) or nisin (0.5 uM) was added. Panel C, experimental conditions were the same as described for 
panel B, except that nigericin was present at 0.5 uM. The additions of TC-1 (1 uM), TC-2 (1 uM), 
solvent control, nisin (0.5 uM) and valinomycin (0.5 uM) are indicated. 
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gradients across the membrane, e.g., as a result of pore formation, a lowering of the 
membrane potential should be observed both in glycolyzing and L-malate-metabolizing 
bacteria. These pathways generate the membrane potential via completely different 
mechanisms with no common steps involved (42). A decrease in the membrane potential in 
both systems would thus provide a very strong argument for pore formation in the 
membrane (46). 

Fig. 6A shows that TC-1 and TC-2, at a final concentration of 2 uM, do not affect 
the membrane potential in glycolyzing cells of L.lactis IL 1403. As a control, the 
depolarization of the membrane potential by the lantibiotic nisin is shown. Similarly, in 
cells metabolizing L-malate at high rate, the addition of TC-1 (Fig.6B) or TC-2 (not shown) 
had no effect. 

Since the net effect on the membrane potential will be the resultant of putative 
pore formation and the capacity to generate a membrane potential, we also determined the 
effect of TC-1 and TC-2 under conditions that membrane potential generation is limited. 
For this, L. lactis IL1403 cells metabolizing L-malate were incubated at pH 5.0 in the 
presence of the ionophore nigericin. Nigericin dissipates the pH gradient across the 
membrane, and under these conditions the membrane potential is the only component of the 
proton motive force. Importantly, the internal pH is now similar to the external one, that is 
5.0, and malolactic fermentation is highly compromised. This results in limited capacity to 
generate a membrane potential. Under these conditions a small depolarizing effect of TC-1 
and TC-2 on the membrane potential was observed (Fig 6C). The nature of this 
depolarizing effect is unknown, but is unlikely to be relevant with respect to the observed 
cidal effect. The depolarization of the membrane potential by the lantibiotic nisin is again 
shown as a control; the further addition of the potassium ionophore valinomycin indicates 
that nisin nearly completely dissipated the membrane potential at the concentration tested. 

These data are in agreement with initial experiments using liposomes prepared 
from E coli phospholipids in 50 mM potassium phosphate. A diffusion membrane potential 
was generated by incubating these liposomes in 50 mM sodium phosphate, and was 
monitored by the addition of diS-C3[5]. TC-1 or TC-2 did not dissipate the membrane 
potential since quenching of diS-C3[5] could not be relieved by either protein (not shown). 

In summary, under conditions similar to those that kill L.lactis IL1403, no 
significant effect of TC-1 or TC-2 was observed on its membrane potential nor on the 
membrane potential of E. coli liposomes. We thus conclude that there is no direct evidence 
for pore formation in the L. lactis cytoplasmic membrane or the liposomes by either TC-1 
or TC-2, and that it is unlikely that such a mechanism is the primary cause for the cidal 
activity of these compounds. 
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DISCUSSION 

Although the presence of antibacterial proteins in human and rabbit platelets has 
been recognized for over 30 years (17,63), their identity has never been elucidated. The aim 
of the present study was to isolate and characterize these proteins from human platelets. 

In HPLC-fractionated human platelet granule extracts, at least 10 proteins with 
differential activity against E. coli, S. sanguis and S. aureus were distinguished. The two 
major proteins, designated thrombocidin-1 (TC-1) and TC-2 for thrombocyte microbicidal 
proteins, are truncated forms of NAP-2 and CTAP-III, respectively, differing from these 
CXC-chemokines by the absence of the 2 C-terminal amino acids. Both TC-1 and TC-2 
were bactericidal for the gram positive B. subtilis and S. aureus as well as for the gram 
negative E. coli test strain, with MBCs ranging from 0.4 uM (TC-1, B.subtilis) to 11 uM 
(TC-2, S. aureus). 

The MBC of TC-2 for E. coli was 2.7 uM, but at 5.5 and 11 uM some bacteria 
were reproducibly recovered (Fig. 4), indicating an optimum concentration for activity. A 
similar phenomenon has been observed for the killing of certain staphylococcal and 
streptococcal strains by ß-lactam antibiotics, and was termed the "paradoxical" response 
(21) or tolerance (47). Whether tolerance for TC-2 or other cationic antibacterial peptides 
exists in E.coli requires further investigation. 

In their activity against bacteria, TC-1 and TC-2 were almost equally potent. The 
fungicidal concentration of TC-1 for C. neoformans, however, was over 10-fold lower than 
that of TC-2. Interestingly, preparations from rabbit platelets containing platelet 
microbicidal proteins (PMP) were more active against Candida species than against C. 
neoformans (69), indicating that the antimicrobial spectra of the human TCs and rabbit 
PMPs are different. 

TC-1 only differs from NAP-2, and TC-2 from CTAP-III, by the absence of 2 C-
terminal amino acids. This truncation is essential for bactericidal activity, since purified 
NAP-2 and CTAP-III at concentrations up to 30 uM did not kill B. subtilis, E. coli and S. 
aureus. The C-termini of all CXC chemokines extend as an oc-helix (10,45). Other a-helical 
proteins like the cecropins are thought to insert into the outer membrane, thereby killing the 
bacteria (28). If thrombocidins also interact with membranes by their a-helical domain, the 
structural requirements for the C-terminal helix apparently are very strict. The 2 C-terminal 
amino acids present in NAP-2 and CTAP-III may block antibacterial activity possibly by 
altered charge distribution (65), as the C-terminal residue in NAP-2 and CTAP-III is the 
acidic aspartic acid. 

At present, it is unclear how PBP is processed to finally yield TCs. The N-
terminus of TC-1 and NAP-2 are identical. NAP-2 is formed extracellularly from PBP and 
CTAP-III reseased upon platelet activation, by neutrophil (31) or monocyte proteases (62) 
like cathepsin G (8,11,62). Since we have isolated TC-1 directly from platelets granules, at 
least some cathepsin G-like protease activity must be present inside the platelets. As TC-1 
and TC-2 are C-terminal truncated NAP-2 and CTAP-III, respectively, carboxypeptidase 
activity most likely is also present within the platelet granules. Interestingly, we have 
identified a protein with the molecular weight of a C-terminally truncated PBP (TC-2a, 
Table I) which may be a precursor for TC-1 and TC-2. 
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NAP-2, like other CXC-chemokines activates neutrophils through the highly 
conserved Glu-Leu-Arg (ELR) sequence in the amino-terminal region (1,66). Although 
PBP, CTAP-III and ß-TG also contain this sequence, they do not have neutrophil 
chemoattractant activity (9,56), presumably because the amino terminal part of these 
proteins folds back over the ELR sequence, thus hampering neutrophil receptor recognition 
(44). TC-1 is expected to have neutrophil-activating activity since its N-terminus is 
identical to that of NAP-2, and since several other C-terminally truncated isoforms of NAP-
2 are even more active than NAP-2 itself (7,18,19). In view of potential use of TCs as 
antimicrobial agents in prevention and therapy of infections, neutrophil inductive activity 
may not always be desirable. Therefore, it would be useful to modify thrombocidins in 
order to dissociate microbicidal and neutrophil activating activity. 

TC-1 and TC-2 killed the entire B. subtilis inoculum within 5 and 30 minutes, 
respectively (Fig. 5). These fast kinetics are characteristic for various bactericidal proteins, 
and are often associated with membrane disturbance (28). Dissipation of membrane 
potential by the formation of voltage-dependent channels has therefore been implicated as a 
general mechanism of peptide antibiotic-mediated killing activity (28), although not in all 
studies this assumption is supported by experimental data. Under the experimental 
conditions used, TCs did not dissipate the Ai|/ of whole L.lactis bacteria, nor of liposomes 
composed of E. coli lipids. Apparently, their target for microbial killing is located 
elsewhere, most likely intracellularly. Under conditions that the capacity of L. lactis to 
generate a membrane potential was limited, a small decline in Ai|/ was observed in the 
presence of TC (Fig. 6C). This suggests that, even though no dissipation of the membrane 
potential occurs, TCs do interact with the membrane. Whether they can passively cross the 
membrane and reach putative intracellular targets remains to be established. 

Rabbit platelet microbicidal proteins (PMPs) dissipated the Ai|/ of S. aureus cells 
(38,68). The structures of these peptides have not been reported, but their amino acid 
composition (72) differs from those of TCs. Although test conditions were not identical, our 
studies indicate that human and rabbit microbicidal proteins do not only differ structurally, 
but also in their mode of action. 

We have purified TC-1 and TC-2 from isolated platelet granules. It is well possible 
that in vivo they can also be formed extracellularly. In that case, proteases present in the 
(inflammatory) environment where platelets become activated, could process platelet-
excreted PBP, CTAP-III, as well as NAP-2. This implies that the chemokines liberated to 
enhance defense reactions by attracting and activating neutrophils and initiating wound 
healing by activating fibroblasts, may also be a rich local source for the generation of 
potent antimicrobials, underscoring the importance of platelets in innate host defense. 
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ABSTRACT 

Thrombocidin-1 (TC-1) and -2 are microbicidal proteins isolated from human 
blood platelets, and are derivatives of CXC-chemokines neutrophil activating peptide-
2 (NAP-2) and connective tissue activating peptide-III (CTAP-IH), respectively. The 
only difference between these chemokines and the TCs is a C-terminal truncation of 
two amino acids in the latter. The aims of this study were to identify microbicidal 
domains in TCs by peptide mapping, and to optimize the microbicidal activity of these 
peptides by amino acid substitutions. Synthetic peptides, 15 amino acids in length and 
overlapping by 10 residues, covering the entire sequence of CTAP-III were used for 
initial mapping of microbicidal activity, and finemapping was done using peptides 
shifted by 1 residue. Testing of microbicidal activity of these peptides against Bacillus 
subtilis, Escherichia coli and Staphylococcus aureus and against the fungus 
Cryptococcus neoformans uncovered two functional domains, one near the C-terminus 
and one around the CXC-motif in the N-terminal part of the protein. The peptide 
derived from the latter domain (peptide L18) had stronger microbicidal activity than 
the C-terminal peptide. Cysteines in L18 were shown to be indispensable for 
microbicidal activity. Successive lysine substitutions in L18 yielded 2 peptides with 
activity against all test organisms equivalent to that of native TC. C-terminally 
amidated forms of these 2 L18-derived peptides had further increased bactericidal 
activity and killed pathogenic gram-positive bacteria at 1-4 uM. The peptides with 
optimized microbicidal activity showed a decrease in cytotoxic activity for 
erythrocytes. In conclusion, peptide mapping of TCs allowed the identification of two 
functional domains and development of peptides with high microbicidal activity. 
Based on these results a model for the microbicidal action of TCs is proposed. 
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INTRODUCTION 
Antibacterial proteins are components of the innate immune system of many 

organisms, including vertebrates, invertebrates, insects and plants, and are part of the first 
line of defense against invading microorganisms (7,20). In humans, these peptide 
antibiotics have been studied most extensively in neutrophils (24) and epithelial tissues 
(16). Human blood platelets have also been known to contain antibacterial proteins (14) 
which are released upon thrombin activation (11). Only recently we have fully 
characterized two major microbicidal proteins from these cells, thrombocidin-1 (TC-1) and 
TC-2 (23). TC-1 and TC-2 were found to differ from the antimicrobial proteins of the 
known classes. They appeared to be derivatives of CXC-chemokines NAP-2 and CTAP-III, 
respectively, differing from these proteins by the absence of the two carboxyterrninal amino 
acids (23). 

NAP-2 (27,39) and other CXC-chemokines (8) consist of a triple-stranded anti-

parallel ß-sheet and a C-terminal a-helix, and folding of these proteins is largely controlled 

by formation of two intramolecular disulfide bridges. Chemokines (chemotactic cytokines) 

are primarily known as attractants and activators of leukocytes (1,2,36) and are thereby 

indirectly involved in the elimination of microorganisms. NAP-2 is a potent neutrophil 

attractant and stimulator. More recently, chemokines have been recognized as regulatory 

factors in developmental processes such as angiogenesis (32), haematopoiesis, vascular 

development, and neuronal patterning (26,33,41). These processes are all mediated by the 

specific recognition of chemokines by one or more chemokine receptors on target cells 

(4,30,36). 
In CXC-chemokines the receptor recognition domain is located close to or at the 

N-terminus of the proteins (2,10,19). The antimicrobial activity of TCs, however, seems to 
depend on a C-terminal structure, since C-terminal truncation of NAP-2 and CTAP-III was 
imperative for microbicidal activity (23). The observation that linearized TC-1 retained 
antimicrobial activity (Krijgsveld et al, in preparation) suggested that this activity depends 
on one or more domains in the primary structure, and not necessarily on folding of the 
protein. The present study aimed to identify, by peptide mapping, the domain(s) of TCs 
responsible for broad spectrum microbicidal activity, and to optimize microbicidal activity 
of microbicidal peptides by amino acid substitutions, in order to possibly contribute to the 
development of novel peptide antibiotics. 

1 Abbreviations used: TC, thrombocidin; NAP-2, neutrophil activating peptide-2; CTAP-
III, connective tissue activating peptide-III; Fmoc, 9-fluorenylmethoxycarbonyl; TFA, 
trifluoroacetic acid; PyBOP, benzotriazole-1-yl-oxy-tris-pyrrolidino-phosphonium 
hexafluorophosphate; NMM, N-methylmorpholine; NMP, N-methylpyrrolidon; MBC, 
minimal bactericidal concentration; MFC, minimal fungicidal concentration; TSB, tryptic 
soy broth; PBG, phosphate buffered glucose. 
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MATERIALS AND METHODS 

Peptide synthesis 
Peptides were synthesized on an Abimed 422 multiple peptide synthesizer 

(Abimed, Langenfeld, Germany) at 10 umol scale (17,18). TentagelS AC resins (Rapp, 
Tübingen, Germany) (29,31) were used in combination with Fmoc-protected amino acids, 
carrying TFA-labile side chain protecting groups where needed (15). Acylations were 
carried out with a six-fold excess amino acid using PyBOP/NMM activation in NMP 
(9,18). Deprotection was performed with piperidine/N,N-dimethylacetamide 1/4 (v/v). 
Cleavage of the peptides and removal of the side chain protecting groups was performed 
with TFA/water 19/1 (v/v) for 2.5 h. For cysteine-containing peptides triethylsilane was 
added to the cleavage cocktail. Peptides were isolated and purified by repeated ether 
precipitations. Products were analyzed by RP-HPLC and were 60-75% pure. Analysis of 
products by Maldi-Tof mass spectrometry using internal calibration showed the expected 
molecular masses. In selected cases peptides were purified by RP-HPLC on a Vydac 5C18 
column (10 x 250 mm) to >95% purity. The microbicidal activity of these peptides did not 
differ from the activities of peptides purified by ether precipitations. 

Microbicidal assays 
Microbicidal activity of peptides was quantified in liquid assays. Bacillus subtilis 

ATCC6633, Escherichia coli ML35p (21) and Staphylococcus aureus 42D (40) and the 
fungus Cryptococcus neoformans (a clinical isolate) were maintained on blood agar plates. 
Overnight cultures of bacteria in TSB (Difco, MI, USA) were diluted 50-fold in fresh TSB 
and grown to log-phase in 2-3 h. C. neoformans was cultured at 30°C for 48 h in 0.7% 
[w/v] yeast nitrogen base (YNB; Difco) supplemented with 0.15% [w/v] L-asparagine 
(Merck, Darmstadt, Germany) and 1% [w/v] glucose (Merck). Cells were washed in 10 
mM phosphate buffer pH 7.0, supplemented with 0.06% [w/v] TSB, and diluted to 1-2 x 
10 cfu/ml in this buffer. Minimal bactericidal concentrations (MBCs) and minimal 
fungicidal concentrations (MFCs) were determined using two-fold serial dilutions of 
peptide prepared in 0.01% acetic acid. Aliquots of 5 ul of these dilutions were transferred 
to a low protein-binding polypropylene microtiter plate (Costar, Cambridge, USA) and to 
each well 45 ul of bacterial or fungal suspension was added. The plate was incubated on a 
rotary shaker (300 rpm) at 37°C (bacteria) or 30°C (C. neoformans) for 2 h. Duplicate 10 
ul-aliquots of each incubation were spotted on blood agar plates which had been pre-dried 
for 1 h at 37°C. Plates were inspected the next day (bacteria) or after 48 h (C. neoformans). 
The MBC or MFC was defined as the concentration of peptide at which <0.1% of the 
inoculum survived. 
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Hemolytic assay 

Hemolytic activity of peptides was tested against human red blood cells. Fresh 

erythrocytes collected in EDTA were washed three times in PBS (10 mM phosphate buffer, 

130 mM NaCl, pH 7.4) or isoosmotic phosphate buffered glucose (PBG; 285 mM glucose, 

2.5% PBS) by centrifugation at 200 g for 15 min. A 1% erythrocyte suspension was 

prepared in either buffer. Serial dilutions of peptides were prepared in 0.01% acetic acid in 

a polypropylene microtiterplate (Costar). To 5 ul of diluted peptide, 45 ul of the 

erythrocyte suspensions was added. Incubations without peptide and incubations in 1% 

Triton X-100 served as negative and positive controls, respectively. Mixtures were 

incubated at 37°C for 30 min and subsequently centrifuged at 1000 g for 5 min. 

Hemoglobin release was monitored spectrophotometrically by measuring the optical 

density at 540 nm (A540). Hemolysis was expressed as a percentage of the positive control 

using the equation ((Ax-Ac)/(AfAc))xl00%, in which Ax, Ac, and A t are A540 values at 

peptide concentration x, of the control without peptide and in the presence of Triton X-100, 

respectively. Melittin (Sigma, St. Louis, MO, USA) was used as a hemolitic control 

peptide. Experiments were performed in quadruplicate. 

RESULTS AND DISCUSSION 

Identification of functional regions in TCs 
To identify regions of TCs with antimicrobial activity we synthesized a series of 

15 overlapping pentadecamers, frameshifted by five residues and covering the entire 
sequence of CTAP-III, which includes the sequences of TC-1 and TC-2. Peptides were 
named after their first amino acid and the position of this amino acid in CTAP-III (Figure 
1). We expected to find that peptides in the C-terminal region would be microbicidal for the 
following reasons, i) C-terminal truncation of NAP-2 and CTAP-III was imperative for 
antibacterial activity (23). ii) In crystallization and NMR studies of CXC-chemokines the 
C-terminal part has been shown to form an oc-helix, a structure considered to be responsible 
for the activity of many antibacterial proteins (27,39). iii) Positively charged residues, 
thought to be important for the activity of microbicidal proteins, are clustered in the C-
terminal domain, iv) A peptide derived from the C-terminal domain of platelet factor 4 (PF-
4), a CXC-chemokine with homology to NAP-2, has previously been shown to possess 
antibacterial activity (12). 

In the first screening, microbicidal activity of the peptides was tested at 60 uM 
against B. subtilis, S. aureus, E. coli and C. neoformans. The majority of the peptides were 
inactive (Figure 2). Only peptides A16 and D66 were active against B. subtilis, E. coli and 
C. neoformans, causing a 2-3 log decrease in viable counts. S. aureus was not killed by any 
of the peptides at 60 uM. The penultimate C-terminal peptide K71, sharing its C-terminal 
sequence with NAP-2 and CTAP-III, was inactive in all cases while D66, shifted five 
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Microbicidal domains of thrombocidins 

B. subtilis 

Peptide 

S. aureus 

I -

Peptide 

E. coli 

Peptide 

C. neoformans 

Peptide 

Figure 2. Microbicidal activity of thrombocidin-derived peptides. Inocula of 1-2 x 10 cfu/ml of the 
indicated organisms were exposed to 60 uM of each peptide in 10 mM phosphate buffer + 0.06% 
TSB. After 2 h of incubation microbial survival was determined by quantitative plating. 
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residues from the C-terminus was active against all organisms except S. aureus. These 
results implied that, like in the case of the entire TC proteins, the C-terminal truncation was 
essential for antimicrobial activity of TC-derived peptides. Surprisingly, in addition to the 
C-terminal peptide, a peptide was identified in the N-terminal region (A 16), which was 
active at 60 uM against the same organisms as peptide D66. 

To further define both the N- and C-terminal microbicidal domain in terms of 
location and activity, two additional sets of peptides with a one-residue offset between 
neighbouring peptides were tested. One set consisted of 6 pentadecamers around the N-
terminal peptide A16, the other set comprized 4 pentadecamers between C-terminal 
peptides D66 and K71 (Table 1). MBCs and MFCs of these peptides, and of peptides A16, 
M21, D66 and K71 were determined for the same organisms as used above (Table 1). Of 
the N-terminal peptides, A16 appeared to be cidal for all organisms at 15-30 uM except for 
S. aureus, which survived at 120 uM. However, a peptide shifted two positions to the C-
terminus (LI8) was bactericidal for S. aureus at 30 uM, and showed at least a 4-fold 
increase in activity compared to A16 against the other organisms (Table 1). A peptide 
shifted one more position to the C-terminus, R19, had less activity than LI8, and the next 
peptide, C20, was completely inactive. Apparently, of all tested pentadecamers LI8 
optimally encompasses the domain responsible for microbicidal activity of the N-terminal 
part of TCs. 

Table 1. Sequences of thrombocidin-derived peptides, their overall charge at neutral pH, and their 
microbicidal activity (\iM) against the microorganisms studied as expressed by the minimal 
bactericidal concentration (MBC) and minimal fungicidal concentration (MFC). 

MBC or MFC value (uM) for 
Peptide Sequence Charge Peptide Sequence Charge 

B. subtilis E. coli S. aureus C. neoformans 

L14 LYAELRCMCIKTTSG + 1 >120 >120 >120 >120 
Y15 YAELRCMCIKTTSGI +1 >120 >120 >120 >120 
A16 AELRCMCIKTTSGIH + 1 15 30 >120 15 
E17 ELRCMCIKTTSGIHP + 1 30 60 >120 7.5 
L18 LRCMCIKTTSGIHPK +3 3.8 7.5 30 1.9 
R19 RCMCIKTTSGIHPKN +3 15 7.5 >120 3.8 
C20 CMCIKTTSGIHPKNI +2 60 >120 >120 60 
M21 MCIKTTSGIHPKNIQ +2 >120 >120 >120 >120 

D66 DAPRIK.KIVQKKLAG +4 30 120 >120 30 
A67 APRIKKIVQKKLAGD +4 30 >120 120 30 
P68 PRJKKIVQKKLAGDE +3 120 >120 >120 60-120 
R69 RIKKIVQKKLAGDES +3 60-120 >120 >120 30 
170 IKKIVQKKLAGDESA +2 >120 >120 >120 60-120 
K71 KKIVQKKLAGDESAD +1 >120 >120 >120 >120 
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The activity of the C-terminal peptides against the test organisms varied (Table 1). B. 
subtilis and C. neoformans were insusceptible for P68, 170 and K71 up to 120 uM, while 
D66 and A67 were active, although 8-16 fold less than the N-terminal peptide LI8. R69 
was fungicidal for C. neoformans (30 uM), but was active against B. subtilis only at high 
concentration (60-120 uM). E. coli and S. aureus were hardly susceptible to any of the C-
terminal peptides. Only D66 and A67 killed E. coli and S. aureus, respectively, at 120 uM, 
the highest concentration tested (Table 1). We tested possible synergistic activity of all 
combinations of N- and C-terminally derived peptides listed in Table 1, but no synergism 
was found (not shown). This does not exclude, however, that N- and C-terminal domains 
cooperate when present in one TC-molecule. Nevertheless, peptide L18 was only slightly 
less active than TCs against bacteria (2-6 fold), and as active as TCs against C. neoformans 
(23). 

As appeared from these data, TCs contain two domains contributing to 
microbicidal activity, one located in the N-terminal part and a second, less potent, near the 
C-terminus of TCs. These domains are indicated in a three-dimensional model of TC-1 
(Figure 3) to show that the N-terminal domain does not have any helical character, while 
the C-terminal microbicidal domain is located entirely in the oc-helix. 

C-terminus 

N-terminus 

Figure 3. Ribbon model of TC-1. Domains comprising microbicidal peptides LI8 and D66 are 
represented in black and grey, respectively. Dotted lines represent disulfide bridges, N and C indicate 
N- and C-terminus, respectively. The model is derived from the NMR/crystal structure of NAP-2 
(entry 1TVX in the PDB database, www.pdb.bnl.gov/pdb-bin/pdbmain). In the NAP-2 model the four 
C-terminal amino acids are missing, and thus, as the two C-terminal residues of NAP-2 are absent in 
TC-1, the entire sequence of TC-1 is represented except for its two C-terminal amino acids. 
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The paradoxical findings of a potently microbicidal N-terminal domain on one 
hand and a major difference in microbicidal activity between chemokines (NAP-2 and 
CTAP-III) and TCs apparently due to C-terminal truncation on the other hand, lead us to 
propose a model for the microbicidal mechanism of TCs. Upon generation of TCs by 
elimination of C-terminal residues from the terminus of NAP-2 or CTAP-III, an 
amphipathic helix is formed at the C-terminus with optimized affinity for target 
membranes. This is the combined result of the removal of negatively charged residues, 
which do not form a part of this helix (39) and which could hamper interaction with the 
negatively charged microbial membrane surface, and of the maximization of the 
amphipathicity of the helix. Increased amphipathicity may well result in a higher membrane 
affinity, as has been demonstrated for several model peptides (13,37). Membrane insertion 
of TC by its C-terminal helix alone supposedly is insufficient for maximal microbial 
killing, judged from the relatively low activity of the peptides derived from the C-terminus. 
However, the helix could serve as an 'anchor', facilitating the approach of the second, more 
potent microbicidal domain near the N-terminus, which would effectuate the full 
microbicidal activity of TCs. The fact that NAP-2 and CTAP-III have no microbicidal 
activity, although they carry the N-terminal microbicidal domain, supports our hypothesis 
that a properly tailored C-terminus is required to obtain a final microbicidal effect. As 
linearized TC retains its activity, this anchor-function would not necessarily depend on the 
tertiary structure as imposed by the double cystein bridge. 

Role of cysteines in microbicidal activity 
Peptide LI8 was identified as the most active TC-derived peptide. LI8 contains 2 

cysteine residues which in natural TCs are most likely involved in disulfide bridge 
formation with cysteines at positions 46 and 62 (numbering of CTAP-III, Figure 1), as is 
the case in NAP-2. The disulfides themselves do not seem crucial for antibacterial activity 
of TC-1 since this protein retained activity after reduction (Krijgsveld et al, in preparation). 
Activity of antibacterial domains of guinea pig neutrophil cationic peptides (38) and CAP-
37 (28) also depended on the presence of cysteines, which in the entire protein are linked in 
disulfide bridges. To study the role of cysteines in the microbicidal activity of LI8 a 
derivative of this peptide was synthesized in which both cysteines were replaced by serines 
(L18[SS]). L18[SS] was severely reduced in activity against B. subtilis and C. neoformans 
compared to LI8, and was not active at all against E. coli and S. aureus (Table 2). This 
implies that the cysteines of LI8 contribute to microbicidal activity. Combined with our 
earlier observation that reduced and alkylated TC-1 has antibacterial activity, it can be 
concluded that antibacterial activity is depending on the presence of the cysteines, which 
may have either free or blocked sulfhydryl side chains, or may be linked in disulfide 
bridges. The exact role of cysteines in the cidal mechanism of antimicrobial peptides 
remains elusive. 
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Table 2. Sequences of peptides derived from peptide LI 8 by lysine and cysteine modifications, their 
overall charge at neutral pH, and their microbicidal activity (uM) against the microorganisms studied 
as expressed by the minimal bactericidal concentration (MBC) and minimal fungicidal concentration 
(MFC). 

MBC or MFC value (uM) for 
Peptide Sequencea ) Charge Charge 

B. subtilis E. coli S. aureus C. neoformans 

L18 LRCMCIKTTSGIHPK +3 3.8 7.5 30 1.9 
L18K KRCMCIKTTSGIHPK +4 3.8 >120 15 7.5 
R19A LACMCIKTTSGIHPK +2 15 30-60 120 30 
C20K LRKMCIKTTSGIHPK +4 15 >120 15 3.8 
M21K LRCKCIKTTSGIHPK +4 7.5 >120 7.5 3.8 
C22K LRCMKIKTTSGIHPK +4 15 >120 15 7.5 
I23K LRCMCKKTTSGIHPK +4 15 >120 7.5 30-60 
K24A LRCMCIATTSGIHPK +2 15 120 60 15 
T25K LRCMCIKKTSGIHPK +4 7.5 >120 3.8 3.8 
T26K LRCMCIKTKSGIHPK +4 3.8 120 3.8 3.8 
S27K LRCMCIKTTKGIHPK +4 1.9 7.5 1.9 3.8 
G28K LRCMCIKTTSKIHPK +4 3.8 7.5 1.9 1.9 
I29K LRCMCIKTTSGKHPK +4 0.9 3.8 3.8 0.9 
H30K LRCMCIKTTSGIKPK +4 1.9 3.8 30 1.9 
P31K LRCMCIKTTSGIHKK +4 1.9 15 3.8 1.9 
K32A LRCMCIKTTSGIHPA +2 120 >120 >120 30 

L18[SS] LRSMSIKTTSGIHPK +3 60-120 >120 >120 60-120 

a) Lysine and cysteine modifications are printed in bold 

Lysine-scan of peptide LI 8 

LI8 was the most active of the peptides described above. Variants of this peptide 
were synthesized to identify amino acids in LI8 that are crucial for its microbicidal activity, 
and to possibly identify peptides with increased activity. A net positive charge is thought to 
be an essential characteristic of antimicrobial peptides, allowing their association with the 
negatively charged microbial surface and subsequent insertion into target membranes 
(5,6,35). Therefore, 12 peptides derived from L18 were tested in which the basic residue 
lysine replaced the respective neutral amino acids. Conversely, three peptides were 
investigated in which the basic residues were replaced by alanine (at positions 19, 24 and 
32, Table 2). MBCs of these peptides were determined for B. subtilis, E. coli and S. aureus, 
and MFCs for C. neoformans (Table 2). 

In all cases the substitution of a charged residue for an alanine (R19A, K24A and 
K32A) resulted in a decrease in activity compared to LI8 (Table 2). Apparently, the three 
basic residues in LI 8 are crucial for microbicidal activity against all organisms tested. 

Introduction of a lysine to replace the respective neutral residues had different 
effects on the activity against S. aureus on one hand, and B. subtilis, E. coli and C. 
neoformans on the other hand. The introduction of this additional basic residue at any 
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position resulted in an increase of activity against S. aureus. Apparently, the presence of 
positively charged residues, irrespective of their position in the peptide, is of major 
importance for staphylocidal activity. Against B. subtilis, E. coli and C. neoformans, 
however, lysine substitutions at positions 18 through 26 (peptides L18K to T26K in Table 
2) resulted in a decreased activity compared to LI 8, while mutations at positions 27 through 
31 (peptides S27K to P31K) had the opposite effect (Table 2). These results may imply that 
the specific residues present in the N-terminal part of LI8 (residues 18 to 26) are 
indispensable for activity of this peptide against B. subtilis, C. neoformans and E. coli. 
Alternatively, the decrease in activity after lysine substitution at these positions might 
indicate that specifically lysine reduces microbicidal activity. The reverse rational would 
hold for the C-terminal part of peptide L18 (positions 27 to 31 ), of which activity against B. 
subtilis, E. coli and C. neoformans is increased after replacement of the individual residues 
by lysine. 

These results indicate that microbicidal activity of LI8 against S. aureus strongly 
depends on the presence of basic residues, while the position of such residues determines 
activity against B. subtilis, C. neoformans and E. coli. Thus, against these organisms, 
peptide microbicidal activity does not solely depend on the presence of positively charged 
residues. 

The differential activity of the peptides against the test organisms may point to 
different mechanisms of killing. These mechanisms may depend on membrane 
composition, and susceptibility to the cationic peptides may especially be determined by the 
abundance of negatively charged phospholipids. However, non-electrostatic interactions 
between peptides and membranes may also be involved, judging from the decreased 
microbicidal activity against B. subtilis, C. neoformans and E. coli of peptides with 
increased positive charge (Table 2). 

Finally, it is worth noting that MBCs of the most potent synthetic peptides, G28K 
and I29K (Table 2) are equal to those of natural TCs, and that I29K is even twice as potent 
against C. neoformans (23). 

Activity of amidated peptides 

In some antibacterial peptides C-terminal amidation results in an increased 
activity. The antibacterial activity of protegrins, peptides from pig neutrophils, to a large 
extent depends on C-terminal amidation. To investigate whether the activity of TC-derived 
peptides could be further optimized, the most active peptides identified (G28K and I29K) 
were synthesized with a C-terminal amide group (G28Kam and I29Kam, respectively). The 
activity of amidated and non-amidated peptides against B. subtilis ATCC6633, E. coli 
ML35 and S. aureus AID as well as streptococcal and staphylococcal human isolates was 
compared (Table 3). Except for the activity of I29Kam against B. subtilis and E. coli, the 
activity of both I29Kam and G28Kam was higher against all organisms compared to the 
non-amidated parent peptides. The increase in activity was reflected in a 2-fold (S. aureus 

72 



Microbicidal domains of thrombocidins 

AID, S. sanguis U108) to an 8-fold (S. oralis J30) decrease in MBC (Table 3). These results 
indicate that C-terminal amidation can increase peptide bactericidal activity. Like for 
protegrins, the mechanism behind this observation is unclear, but could be related to an 
increased overall positive charge of the amidated peptide. 

Table 3. Bactericidal concentrations of TC-derived peptides G28K and I29K, and their amidated 
forms G28Kam and I29Kam for several laboratory strains and patient isolates. 

Microorganism MBC (uM) of peptide Microorganism 
G28K G28Kam I29K I29Kam 

E.coli ML35 7.5 1.9 3.8 3.8 
B. subtilis 3.8 1.9 1.9 1.9 
S. aureus AID 1.9 0.9 3.8 1.9 
S. epidermidis AMC77 7.5 1.9 7.5 1.9 
S. epidermidis AMC89 0.9 1.9 1.9 0.5 
S. epidermidis (MRSE) 7.5 1.9 7.5 1.9 
S. oralis J30 30 3.8 30 7.5 
S. sanguis U108 7.5 3.8 7.5 3.8 

Hemolytic activity of thrombocidin-derived peptides 
The selectivity of cationic microbicidal proteins for microbial membranes is 

explained by the relatively large amount of negatively charged phospholipids 
(phosphatidylglycerol, cardiolipin) in microbes and their absence in eukaryotic cells. To 
investigate the selectivity of TC-derived peptides, peptides with strong microbicidal activity 
(D66, LI8 and I29K, Table 1 and 2) were tested for hemolytic activity for human 
erythrocytes. 

Hemolytic activity is usually tested in PBS. However, since microbicidal activity 
of the thrombocidin-derived peptides was inhibited in the presence of salt (not shown) we 
tested hemolytic activity both in PBS and in a low-salt solution. For this purpose, phosphate 
buffered glucose (PBG) was used. Furthermore, hemolysis can be monitored more 
sensitively in PBG than in PBS (22). Melittin was fully active in both solutions, although in 
PBG 100% lysis was reached at a lower concentration (1 uM) than in PBS (4 uM, Figure 
4). None of the microbicidal peptides D66, LI 8 and I29K was hemolytic in PBS (Figure 4). 
Activity of D66 in glucose medium was slightly higher than the control incubation without 
peptide, while L18 caused 45% hemolysis at 120 uM. Peptide I29K, identical to L18 except 
for a Lys substitution at position 29, was markedly less hemolytic than the parent peptide 
(Figure 4). 

73 



Chapter 4 

The decreased hemolytic activity of I29K compared to LI8 is contrasted by its 
increased microbicidal activity. This may be explained in analogy to studies on melittin, 
which showed that hemolytic activity of this peptide strongly depended on the presence of 
hydrophobic amino acids (5). Apparently, the single He (LI8) to Lys (I29K) mutation and 
the concomitant decrease in hydrophobicity and increase in charge are sufficient to cause 
the strong decrease in hemolytic and increase in microbicidal activity. 
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Figure 4. Hemolytic activity of melittin and thrombocidin-derived peptides. Fresh human 
erythrocytes (1% suspension) were exposed to the indicated peptides in PBS (m) or PBG (glucose 
buffer, 1). Hemolysis was expressed as the percentage of lysis relative to the positive control (1% 
Triton X-100). Note that the scale of the x-axis in the upper panel differs from the scales in the other 
panels. 
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CONCLUSION 

In this study we identified two microbicidal domains in TCs by peptide mapping. 
One of these domains is located in the C-terminal part of TCs and has relatively low 
activity, the other is positioned in the N-terminal part around the first cysteines and has 
potent microbicidal activity. These two regions are represented in a ribbon-model of TC-1 
(Figure 3) which was derived from crystal structure-based models of NAP-2. The finding 
that microbicidal activity depends on regions of relatively small size is remarkable, but not 
unique for TCs. Antibacterial activity of larger proteins like bactericidal and permeability 
increasing protein (BPI) (25), 18 kD cationic antibacterial protein (CAP 18) (34) and 
lactoferrin (3) depended on domains of similar size. 

Peptide mapping has allowed the identification of microbicidal domains in TCs. 
The microbicidal activity of the most active peptide, LI8, could be increased by the 
introduction of one lysine residue, generating peptide I29K, which had increased 
microbicidal and decreased hemolytic activity. Peptide I29K had low MBCs/MFCs for all 
organisms tested, including S. aureus, which was resistant to the majority of the peptides 
directly derived from TCs. In fact, I29K was as active against the test bacteria as natural 
TCs, and twice as active as TCs against the fungus C. neoformans (23). The bactericidal 
activity of I29K and G28K was further increased by C-terminal amidation. Due to this 
modification several Gram positive bacteria, including methicillin resistant Staphylococcus 
epidermidis (MRSE), were killed at peptide concentrations in the low uM range. These 
results demonstrate that, taking one of the active domains of TCs as a lead compound, 
peptides with increased, broad range microbicidal activity can be designed. Such peptide 
antibiotics could be a valuable supplement to conventional antibiotics and could aid in the 
treatment of infections in clinical practice. 
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ABSTRACT 

Thrombocidin (TC)-l and TC-2, microbicidal proteins of human blood 
platelets, are derivatives of NAP-2 and CTAP-III respectively, missing the two C-
terminal amino acids of these CXC-chemokines. TC-1, TC-2, a TC-1 variant C-
terminally truncated by 5 residues, and an N-terminally His-tagged TC-1 variant (rH-
TC) were produced recombinantly in E. coli, and their microbicidal activities were 
determined. Recombinant TCs had activity patterns against bacteria and fungi 
identical to those of natural thrombocidins. Bactericidal activity of TC-2, but not of 
TC-1, was dependent on protein folding. The C-terminally truncated TC-1 retained 
bactericidal activity. Furthermore, rH-TC had enhanced microbicidal activity, and 
evidence is given that this is caused by the N-terminally fused histidines. 
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INTRODUCTION 

Antimicrobial proteins are components of the innate immune system of a wide 
variety of organisms (5,6), and in humans are present most abundantly in neutrophils and 
epithelial tissue (16,19,32). For over two decades, human and rabbit blood platelets also 
have been recognized to contain antibacterial proteins (13,34). These proteins are believed 
to be involved in the clearance of bacteria in blood borne infections (9,10,12,36). Recently 
we have shown that human platelet granules contain at least 10 antimicrobial proteins, 
which we named thrombocidins (TCs) (22). TC-1 and TC-2 were fully characterized and 
appeared to be structurally different from the known classes of antimicrobial proteins. They 
are derivatives of the CXC-chemokines neutrophil activating peptide-2 (NAP-2) and 
connective tissue activating peptide-III (CTAP-III), respectively. CTAP-III is a platelet-
specific peptide with fibroblast mitogenic activity (33) and is thought to be involved in 
wound healing. NAP-2 is an N-terminal cleavage product of CTAP-III, and is a mediator in 
the inflammatory response by its activity as a potent attractant and activator of neutrophils 
(2). TC-1 and TC-2 differ from NAP-2 and CTAP-III by a C-terminal truncation of two 
amino acids (22). This truncation appeared to be imperative for microbicidal activity, since 
NAP-2 and CTAP-III had no microbicidal activity (22). 

The present study was designed to produce TC-1 and TC-2 recombinantly, and to 
investigate the influence of folding as well as C- and N-terminal modification on 
microbicidal activity. 

MATERIALS AND METHODS 

Construction of expession vectors containing TC-1, TC-2, CTAP-III and H-TC coding 
DNA. 

Since the chemokines NAP-2 (15,30), CTAP-III (14,30) and IL-8 (25), which are 
all closely related to TCs, as well as several antibacterial proteins (20,26,29) have been 
produced in biologically active form in bacterial systems, we chose for an E. coli 
expression system to produce TCs recombinantly. 

DNA coding for TC-1, TC-2, and CTAP-III was obtained in a 2-step PCR 
protocol. Primers were designed based on the cDNA sequence of platelet basic protein 
(PBP), which is the precursor protein of TCs, NAP-2 and CTAP-III (35). In the first PCR 
step a product coding for PBP was amplified from 2 ng of a human bone marrow cDNA 
library (Clontech, Palo Alto, CA, USA) using Pfu polymerase (Stratagene, La Jolla, CA, 
USA) and oliogonucleotides PBPf and PBPr as forward and reverse primers, respectively 
(Table 1) The PCR protocol consisted of 5 min melting at 95°C followed by 30 cycles of 1 
min 95°C, 2 min 55°C and 2 min 72°C. The resulting PBP amplicon (400 bp, not shown) 
served as a template in a set of subsequent PCR reactions generating products coding for 
TC-1, TC-2 and CTAP-III (Table 1). All primers were from Perkin Elmer-Applied 
Biosystems, Warrington, UK. The forward and reverse primers contained Ndel and BamHl 
restriction sites (underlined in Table 1), respectively, to allow cloning of the PCR products. 
Conditions for these PCR reactions were the same as for the PBP PCR. Ndel I BamHI 
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Table 1. Sequences of forward (f) and reverse (r) primers used in PCR reactions. Restriction sites 
used for cloning are underlined. 

Primer 
name 

Primer sequence (5'-3') Amplification of 
sequence encoding 

PBPf TATAGGATCCATGAGCCTCAGACTTGATACCACC 
PBPr TATAGGATCCTCAATCAGCAGATTCATCACCTGCCAAT 
TCI f GTGTAACATATGGCTGAACTCCGCTGCATGTG 
TClr TATAGGATCCTCAAGATTCATCACCTGCCAATT 
TC2f GTGTAACATATGAACTTGGCGAAAGGCAAAGAG 
NAP2vf GTGTAACATATGTATCTCCGCTGCATGTGTATAAAG 

PBP 
PBP/rH-TC 
TC-1 
TC-1/TC-2/NAP-2 
TC-2 
rH-TC 

double-digested PCR products were purified from agarose gel (Qiagen), ligated to pET9a 
expression vectors (Novagen) digested with the same enzymes, and transformed to E. coli 
BL21DE3(LysS) cells (Novagen) by heat shock. Individual colonies on selective LB agar 
plates were checked for the presence of an insert by colony PCR using a direct primer 
recognizing the T7 promoter sequence of the pET vector 
(TAATACGACTCACTATAGGG) and the reverse primer specific for the respective 
constructs (Table 1). Both strands of three positive clones of each construct were 
sequenced. Bacteria containing the correct constructs were stored in glycerol broth at -70°C 
until further use. 

In addition, we investigated the microbicidal potency of a TC-1 derivative, rH-TC, 
which we originally designed as part of a study to evaluate neutrophil chemotactic activity 
of thrombocidins and CXC-chemokines. In rH-TC the ELR motif needed for neutrophil 
Chemotaxis is incomplete, and therefore expected to be non-functional. A PCR product 
encoding rH-TC was generated as described for the TC and CTAP-III coding fragments 
using primers NAP2vf and PBPr (Table 1). The PCR product was ligated to a Ndel I 
BamHI digested pET16b expression vector (Novagen) to provide rH-TC with an N-
terminal His-tag. Sequencing, transformation and storage were as described above. 

Expression of recombinant proteins 
E. coli BL21DE3(lysS) cells containing pET9a and pET16b-derived constructs 

were cultured in LB medium with chloramphenicol (50 ug/ml) + kanamycin (50 ug/ml) or 
chloramphenicol (50 ug/ml) + ampicillin (50 ug/ml), respectively. When cultures had 
reached an optical density (A620) of 0.3, isopropyl-ß-D-thiogalactoside (IPTG, Boehringer, 
Mannheim, Germany) was added to a final concentration of 0.5 mM (pET9a) or 1 mM 
(pET16b) to induce expression of the cloned genes. After 5 h of incubation at 37°C, cells 
were harvested by centrifugation (5 min, 5000 x g), pellets were resuspended in lysis buffer 
(20 mM Tris pH 7.2, 6 M urea, 1/40 of the culture volume) and kept at -20°C o/n. Bacteria 
were lyzed by sonication (5 min, 0°C), cell debris was removed by centrifugation (20 min, 
5000 x g), and the supernatant was dialyzed extensively against 10 mM sodium phosphate 
buffer, pH 7.0. 
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Purification of thrombocidins and chemokines 
Recombinant TC-1 (rTC-1), rTC-2 and rCTAP-III were purified in a two-step 

procedure as described previously for the native thrombocidins (22), using CM-Sepharose 
cation exchange chromatography and continuous acid urea Polyacrylamide gel 
electrophoresis (CAU-PAGE). rH-TC was purified using a Ni-NTA column (Novagen) 
followed by CAU-PAGE. After each purification step, activity of antibacterial proteins was 
analysed by AU-PAGE and gel overlay assays (see below). Natural NAP-2 and CTAP-III 
were purified as described (7,15), and recombinant NAP-2 and NAP(l-63) were produced 
as described in (14). 

Characterization of recombinant proteins 
N-terminal sequencing of recombinant proteins was performed by automated 

Edman degradation (Applied Biosystems Protein Sequencer, model 476A). Molecular 
masses were determined by electrospray ionization mass spectrometry performed on a 
hybrid quadrupole time-of-flight mass spectrometer (Micromass, Manchester, UK). 

Biochemical analyses 
Acid urea PAGE (21) and Tricine-SDS-PAGE (31) were performed using 15 x 10 

x 0.7 cm gels. Silverstaining was done as described by Blum (4). 
Influence of folding of natural and recombinant thrombocidins and rCTAP-III on 

microbicidal activity was evaluated by reduction of disulfide bridges in these proteins. 
Human neutrophil defensin (HNP1-3, a kind gift of Dr. P.S. Hiemstra, Leiden, The 
Netherlands) was included as a folding-dependent antibacterial peptide. Protein (ca. 1 
mg/ml) was dissolved in water and boiled for 5 min to test heat-stability, or in 100 mM 
Tris-HCl pH 8.5 containing 6 M guanidine hydrochloride and 2 mM EDTA followed by 
incubation at 50°C for 30 min prior to reduction. Dithiothreitol (DTT, Sigma, St. Louis, 
MO, USA) was added (1 mg/ml final concentration) and incubation was allowed to proceed 
for 4 h under nitrogen at 50°C. Sulfhydryl groups were alkylated by the addition of 
iodoacetamide (Sigma; 4 mg/ml final concentration) to prevent refolding. Alkylated protein 
was purified by HPLC using a Hypersil PEP C18 RP column (150 x 4.6 mm; Alltech, 
Deerfield, USA), lyophilized and dissolved in 0.01% acetic acid. Efficiency of alkylation 
was confirmed by mass spectrometry. Protein concentration was determined using a BCA 
protein assay (Pierce, Rockford, II, USA). 

Peptide synthesis 
Peptides His(7), His(10) and His(13), consisting of 7, 10 and 13 histidines, 

respectively, and the His-tag peptide (MGHHHHHHHHHHSSGHIEGRH) were 
synthesized on an Abimed 422 multiple peptide synthesizer (Abimed, Langenfeld, 
Germany) at 10 umol scale (17,18). Peptides were isolated and purified by repeated ether 
precipitations, dissolved in 10% acetic acid and lyophilized. Purity of peptides was 
analyzed by HPLC, and peptide identity was confirmed by MALDI mass spectrometry. 
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Antibacterial activity testing 
Antimicrobial activity was tested using Bacillus subtilis ATCC6633, Escherichia 

coli ML35p (23), Staphylococcus aureus 42D, and clinical isolates of Cryptococcus 
neoformans, Candida albicans and Candida glabrata. Fractions collected during 
preparative chromatography and electrophoresis as well as purified proteins were tested in 
overlay assays (24) using the Bacillus strain as the test organism. Minimal bactericidal 
concentrations (MBCs) and minimal fungicidal concentrations (MFCs) defined as the 
concentration of protein killing >99.9% of the inoculum in 2 h, were determined using 
microdilution assays as described previously (22). Inocula of 0.5-1 x 104 cfu in 50 ul of 10 
mM phosphate buffer pH 7.0 + 0.06% (w/v) tryptic soy broth (TSB) were incubated with 
protein. 

RESULTS 

Production and characterization of recombinant TC-1, rTC-2, rCTAP-III, and H-TC 
Recombinant TC-1 (rTC-1), rTC-2, rCTAP-III, and rH-TC (Fig. 1) were produced 

in E. coli BL21DE3(LysS). rTCs and rCTAP-III were purified by CM-Sepharose 
chromatography and CAU-PAGE, and rH-TC by Ni-NTA chromatography and CAU-
PAGE. Antibacterial activity of recombinant proteins was assessed after each purification 
step using overlay assays with E. coli ML35p. Like natural CTAP-III (22) rCTAP-III had 
no antibacterial activity. Despite this, rCTAP-III could easily be recognized in acid urea 
gels after silver staining since this protein migrates faster than all E. coli proteins. The final 
yield of purified recombinant proteins was 3 to 5 mg per liter of culture. 

Partial N-terminal sequencing revealed that the recombinant proteins had the 
expected sequences in all cases, but that proteins carrying an additional N-terminal 
methionine were also present. These additional products varied in abundance from 10% 
(rTC-1) to 90% (rTC-2). The molecular weight of rTC-1, determined by electrospray mass 
spectrometry, was 7436.05 Da. This is in accordance with the theoretical molecular weight 
of oxidized TC-1 (two cysteine bridges, 7436.88 Da). Mass spectrometric analysis of rTC-2 
revealed products with molecular weights of 9231.19 and 9099.8 Da, matching the 
theoretical weights of oxidized TC-2 with and without N-terminal methionine (9232.88 and 
9101.5 Da), respectively. The molecular weight of rCTAP-III was 9418.28 Da, and is in 
accordance with the expected mass of oxidized CTAP-III carrying an additional methionine 
(9418.90 Da). A minor peak of 9286.9 Da observed in the mass spectrum represented 
CTAP-III without N-terminal methionine. Partial sequencing of rH-TC confirmed the 
presence of the His-tag and the first three residues beyond the histidines. 
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GKGTHCNQVEVIATLKDGRKICLDPDAPRIKKIVQKKLAGDESAD 

Figure 1. Sequences of connective tissue activating peptide-III (CTAP-III), neutrophil activating 
peptide-2 (NAP-2) and thrombocidin-1 (TC) and -2 and the His-tagged rH-TC. 

The migration of recombinant and natural TC-1, TC-2 and CTAP-III were 

compared in SDS-tricine and AU gels (Fig. 2). The recombinant and natural proteins, either 

in reduced form (SDS-tricine gel) or in non-reduced form (AU gel), migrated identically. 

rH-TC migrated faster than NAP-2 in AU gels due to the presence of positively charged 

histidines. As migration of a protein in AU gels is strongly dependent on its conformation, 

charge and oxidative state of the proteins (exemplified below), the identical migration of 

recombinant and natural proteins implied that these proteins were folded in an identical 

way. 
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Fig. 2. Analysis of natural and recombinant TCs, CTAP-III and recombinant H-TC on silverstained 
tricine SDS-PA (panel A) and acid urea PA gels (panel B). 
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Table 2. Microbicidal activity of natural and recombinant thrombocidins and CTAP-III, and of rH-
TC. 

Organism 
MBC or MFC (uM) 

Organism 
nTC-1 rTC-1 nTC-2 rTC-2 nCTAP-III rCTAP-III rH-TC 

B. subtilis 0.4 4 0.7 6 >30 50 0.4 

E. coli 3.4 15 2.7 15 >30 >40 0.9 

S. aureus 6.8 30 11 30 >30 >40 1.9 

C. neoformans 1.9 7.5 30 30-60 >30 >60 0.4 

C. glabrata >30 >60 >30 >60 ND >60 >15 

C. albicans ND >60 ND >60 ND >60 >15 

MBC and MFC values were assessed in microdilution tests as described in Materials and 
methods. All experiments were carried out twice in duplicate. 

Microbicidal activity of rTC and rCTAP-III 
Bactericidal and fungicidal activities of recombinant and natural proteins were 

determined by the microdilution method, and were expressed as MBC or MFC (Table 2). 
Both rTC-1 and rTC-2 were bactericidal for the three bacterial species tested, and were 
fungicidal for Cryptococcus neoformans, but not for Candida species. This activity pattern 
is identical to that of nTCs, but the MBCs of rTCs were 2-10 fold higher than those of the 
natural thrombocidins. rCTAP-III was not microbicidal for any of the tested organisms 
(Table 2). 

Antibacterial activity of thrombocidins in reduced state 
To study the relation between protein folding and antibacterial activity, native and 

recombinant TC-1, TC-2 and CTAP-III were boiled in the absence of DTT, reduced by 
DTT treatment at 100°C, or reduced and alkylated, and subsequently analyzed on acid urea 
gels. Reduced natural as well as recombinant TC-1, TC-2 or CTAP-III had decreased 
migration velocity in AU gels as compared to the folded proteins (Fig 3, top panels). 
Migration of alkylated proteins and proteins which had only been reduced was identical, 
which was as expected since alkylation does not change the charge of reduced proteins and 
increases molecular weight only marginally. Thus, change in migration properties easily 
allowed discrimination between folded and unfolded TCs. In overlay assays of AU gels on 
B. sutófe-containing agar layers, antibacterial activity of nTC-1 appeared not to be 
neutralized by boiling nor by reduction or alkylation (Fig. 3, bottom panel). Identical results 
were obtained with rTC-1. Activity of both nTC-2 and rTC-2 was retained after boiling, 
but, in contrast to TC-1, was strongly decreased after reduction or reduction/alkylation. 
Recombinant CTAP-III (Fig. 3) and nCTAP-III (not shown) were inactive in all cases. 
Reduced HNP1-3, included as a control for folding-dependent antibacterial activity, indeed 
had no antibacterial activity (Fig. 3). 
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nTC-l nTC-2 HNP1-3 rTC-1 rTC-2 rCTAP-III 
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Figure 3. Influence of linearization of thrombocidins, CTAP-III and HNP on antibacterial activity. 
Proteins were left untreated (U), were boiled (B), reduced in DTT (R) or were reduced and alkylated 
(A). Proteins were analyzed in acid urea gels, which were silver stained (top panels) or used in 
overlay assays using B. subtilis as the test organism (bottom panels). 

The microbicidal activity of alkylated rTCs was analyzed in more detail by 
détermination of their MBCs for B. subtilis. The MBC of reduced and alkylated rTC-1 was 
4 uM, and thus was not changed compared to untreated rTC-1 (Table 2). Alkylated rTC-2 
was inactive (MBC > 50 uM). Collectively, these reults indicate that folding is of little 
importance for bactericidal activity of TC-1, whereas TC-2 appears to be critically 
dependent on folding for full bactericidal activity. 

Table 2. Microbicidal activity of natural and recombinant thrombocidins and CTAP-III, and of rH-
TC. 

Organism 
MBC or MFC :(uM) 

Organism 
nTC-l rTC-1 nTC-2 rTC-2 nCTAP-III rCTAP-III rH-TC 

B. subtilis 0.4 4 0.7 6 >30 50 0.4 
E. coli 3.4 15 2.7 15 >30 >40 0.9 
S. aureus 6.8 30 11 30 >30 >40 1.9 
C. neoformans 1.9 7.5 30 30-60 >30 >60 0.4 
C. glabrata >30 >60 >30 >60 ND >60 >15 
C. albicans ND >60 ND >60 ND >60 >15 

MBC and MFC values were assessed in microdilution tests as described in Materials and 
methods. All experiments were carried out twice in duplicate. 
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Impact of C-terminal truncation of rTC-1 on antibacterial activity. 
Although CTAP-III and TC-2 only differ by two C-terminal amino acids (Fig. 1), 

they strongly differ in antibacterial activity ((22) and Fig. 2). Similarly, we have shown that 
NAP-2 is inactive against B. subtilis, while TC-1 is highly active (22). To assess whether 
specifically the two C-terminal residues should be removed, or whether activity would be 
retained after further truncation we tested bactericidal activity of and rNAP-2 truncated by 
7 amino acids (rNAP(l-63), which is TC-1 truncated by 5 residues) against B. subtilis, 
using full length recombinant NAP-2 (rNAP(l-70)) as a control. Like natural NAP-2, 
rNAP(l-70) was inactive (MBC > 30 uM). However, rNAP(l-63) was bactericidal at 7.5 
uM, and thus almost equally potent as rTC-1 (Table 2). 

Microbicidal activity of rH-TC 
Bactericidal and fungicidal activity of rH-TC, the variant of TC-1 with an N-

terminal His-tag, was tested for a number of organisms. This protein was highly active 
against all species except Candida (Table 2), with MBCs and an MFC in the low- to sub-
micromolar range, being up to 8-fold more active than the natural TCs. 

Since NAP-2 (22) and rNAP-2 (above), which have the same carboxyl-terminus as 
rH-TC, had no microbicidal activity, the potent microbicidal activity of rH-TC most likely 
was due to the N-terminal His-tag. To investigate this possibility a peptide was synthesized 
comprising the entire N-terminal sequence which is fused to the NAP-sequence in rH-TC 
('His-tag peptide', MGHHHHHHHHHHSSGHIEGRH). In addition, three peptides 
consisting exclusively of histidines (13, 10 and 7 residues) were synthesized. The His-tag 
peptide was microbicidal for B. subtilis, S. aureus and C. neoformans (Table 3), indicating 
that the His-tag of rH-TC indeed was involved in the microbicidal activity of this protein. 
Neither the His-tag peptide nor the oligo-histidine peptides had significant activity against 
E. coli. His(13) was highly active against B. subtilis, S. aureus and C. neoformans, with 
MBCs/MFC almost equal to those of rH-TC (Tables 2 and 3). Activity of His(10) was 
moderate, and His(7) had no detectable microbicidal activity (Table 3). Clearly, the 
microbicidal activity of oligo-histidines depended on peptide length. 

Table 3. Microbicidal activity of His-tag peptide and derivatives thereof 

Organism 
MBC or MFC (uM) of peptide 

Organism 
His-tag His(13) His(10) His(7) 

B. subtilis 7.5 0.9 3.8 >120 
E. coli >120 120 >120 >120 
S. aureus 60 1.9 15 >120 
C. neoformans 60 7.5 60 >120 

MBC and MFC values were assessed in microdilution tests as described in Materials and 
methods. All experiments were carried out twice in duplicate. 
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DISCUSSION 

We have recently found that thrombocidins 1 and 2 are closely related to the CXC-
chemokines NAP-2 and CTAP-III, respectively (22). The aim of the present study was to 
produce TCs recombinantly in an E. coli expression system to study the influence of length 
and folding of these proteins on their microbicidal activity. 

The expression system and the two-step purification protocol yielded recombinant 
proteins of correct sequence. Furthermore, mass spectrometrical analyses and examination 
of migration characteristics of untreated, reduced, and alkylated recombinant proteins in 
tricine SDS acrylamide and acid urea acrylamide gels, indicated that these proteins were 
produced in folded form. Thus, recombinant and natural TCs were indistinguishable in all 
structural and electrophoretic experiments performed. 

Recombinant TCs were less active than natural TCs, but exhibited an identical 
activity spectrum (Table 1). B. subtilis was the most susceptible organism, followed by E. 
coli and S. aureus. Additionally, rTCs were fungicidal for C. neoformans, while Candida 
species were not killed. Natural and recombinant NAP-2 and CTAP-III were inactive 
against all organisms tested (Table 2), illustrating the importance of C-terminal truncation 
of recombinant TCs for microbicidal activity, as has been shown for the natural proteins 
before (22). 

At this point no obvious explanation can be given for the difference in 
antimicrobial activity between natural and recombinant proteins. Some antibacterial 
proteins, like cecropins, have an amidated C-terminus, increasing the bactericidal activity 
compared to the non-amidated forms (1,8). It is unknown whether natural TCs are amidated 
but it is unlikely that rTCs and nTCs differ by an amide group. Amidation would have 
resulted in a decrease in their net positive charge and thus in an altered migration in an AU 
gel compared to the non-amidated protein. This was clearly not the case (Fig. 2). A second 
possible explanation would be misfolding of rTCs. NAP-2 and CTAP-III have 4 cysteines 
which are 1-3 and 2-4 interlinked (2) and this most likely is also the case in the natural TCs. 
Since the first two cysteines are separated by just one amino acid, only a 1-4 and 2-3 
interlinkage would be a possible alternative for disulfide bridge formation. A detailed 
study, involving protease fragmentation of rTCs and analysis of generated fragments, 
would be required to resolve the folding of rTCs. Furthermore, folding of IL-8, NAP-2 and 
CTAP-III, either chemically synthesized or produced recombinantly in bacteria, has 
repeatedly been shown to proceed correctly (25,30). 

Based on crystallization and NMR studies, the C-terminal part of NAP-2 (37) and 
CTAP-III (27,30)is considered to form an a-helix. This structure may well be involved in 
the bactericidal activity of TCs. The helix is to a large extent amphipathic, a feature 
promoting peptide-membrane interactions required for the activity of many helical 
antimicrobial peptides (19). From structural studies of NAP-2 it appeared that the ultimate 
two C-terminal residues form a flexible element that does not take part in the a-helix (37). 
It is conceivable that these residues hinder lipid-helix interactions and subsequent insertion 
into microbial membranes, while this hindrance is relieved by the removal of these two C-
terminal residues. Moreover, the penultimate Asp85 in NAP-2 is an acidic residue possibly 
impeding initial electrostatic interaction with negatively charged constituents of the target 
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membrane. The increased activity due to removal of Ala84 and Asp85, as in TC-1, or even 
of five more residues (of which 2 are acidic) as in rNAP(l-63) would then increase 
microbicidal activity both by proper exposition of the amphipathic ct-helix and by 
increasing the net positive charge of the proteins. Apparently, the length of the helical 
domain in NAP(l-63) (11 residues) is still sufficient for cidal activity. This is in agreement 
with the fact that a 13-residue peptide derived from the helical domain of CXC-chemokine 
platelet factor-4 (PF-4) (11), and numerous (synthetic) a-helical peptides consisting of 8 to 
15 amino acids (3) have antimicrobial activity. 

Our experiments showed that antimicrobial activity of TCs was not fully 
dependent on folding. Unfolded or reduced and alkylated nTC-1 or rTC-1 had no decreased 
activity against B. subtilis compared to the folded forms. This suggests that activity of TC-1 
does not depend on specific tertiary structures imposed by disulfide bridge formation, but 
predominantly on primary or secondary structure characteristics. A crucial role of the 
helical C-terminal domain, as discussed above, would fit in such a hypothesis. However, 
this helix is not likely to be the only determinant of antimicrobial activity since, in contrast 
to TC-1, reduction of nTC-2 and rTC-2 abolished activity. Since the only difference 
between TC-1 and TC-2 is an N-terminal extension in the latter, it is conceivable that this 
extension prevents the activity of TC-2 in unfolded form, possibly by interfering with the 
active region in the C-terminal helix. 

rH-TC had the highest microbicidal activity of all recombinant TCs. 
Although this protein is not truncated C-terminally it was even more active than natural 
TCs (Table 1). The enhanced activity of rH-TC supposedly is caused by the positively 
charged histidines in the His-tag, as was indicated by the activity of the oligo-histidines. 
Histidines could be as important for antimicrobial activity of rH-TC as they are for 
histatins, a family of antimicrobial peptides rich in these amino acids (28). Apparently, the 
decrease in microbicidal activity which might have been expected due to the presence of 
the C-terminal Ala and Asp is compensated by the N-terminal His-tag. Addition of a His-
tag might enhance activity of other microbicidal proteins, and should be considered when 
producing such proteins recombinantly. 
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ABSTRACT 

Many pathogenic microorganisms are increasingly gaining resistance against 
commonly used antibiotics. Microbicidal proteins, originating from the innate 
immune system of many organisms including humans, are therefore subject of 
extensive research in view of their potential as alternative antiinfective agents. We 
identified thrombocidins (TCs) as the major microbicidal proteins in human blood 
platelets.. In the present study we aimed to investigate the antimicrobial spectrum of 
rH-TC, a recombinantly produced a derivative of TC-1 carrying an N-terminal His-
tag, against a large number of clinical isolates and to explore the mechanism of 
microbial killing. Furthermore we investigated whether rH-TC had hemolytic and 
neutrophil chemotactic activity. rH-TC had potent, broad range microbicidal activity 
against Gram positive and Gram negative bacteria, and was fungicidal for 
Cryptococcus neoformans, but not for Candida species. Microbicidal concentrations 
generally were between 0.5 and 2 uM rH-TC. Activity against Escherichia coli and 
Staphylococcus epidermidis was independent of environmental pH. Furthermore, 
bacterial susceptibility to rH-TC was independent of metabolic activity, was 
moderately dependent of the presence of a membrane potential and was markedly 
decreased at low temperature. Activity against E. coli was independent of the presence 
of anionic phospholipids in the cytoplasmic membrane. rH-TC was moderately 
hemolytic, but, in contrast to natural TCs, had no neutrophil chemotactic activity. 
Thus, rH-TC offers attractive characteristics for further development of this peptide 
towards a clinically applicable antimicrobial agent. 
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INTRODUCTION 

Since many bacteria are increasingly gaining resistance against commonly used 
antibiotics, the need to search for alternative antiinfective agents is generally recognized 
(8,10). In this respect, microbicidal peptides have received considerable attention in recent 
years, and at present several peptides are under investigation in clinical trials (16). A 
valuable source for additional clinically applicable peptides might be those of the human 
innate defense system. 

Recently, we have identified the 2 major microbicidal proteins from human blood 
platelets, which we designated thrombocidin (TC)-l and TC-2 (21). We extracted these 
proteins from isolated human platelet granules. Platelets contain three types of subcellular 
granules. Dense granules contain ions and low molecular weight compounds (e.g. Ca2+, 
ATP, ADP) involved in propagation of platelet activation, lysozomal granules contain a 
number of acid hydrolases, which are possibly involved in clearance of platelet thrombi 
(29) or in host defence (6,7), and a-granules store various platelet-specific proteins. Among 
these are a number of chemokines, including CXC-chemokines platelet factor-4 (PF-4) and 
platelet basic protein (PBP). PBP is the precursor molecule for the N-terminal proteolytic 
degradation products connective tissue activating peptide-III (CTAP-III), ß-
thromboglobulin (ß-TG), both present in a-granules, and neutrophil activating peptide-2 
(NAP-2) which is formed extracellularly after secretion of the granule content (1,2). PF-4, 
ß-TG and NAP-2 have leukocyte attracting or activating activity (11), and CTAP-III is a 
fibroblast mitogen (4). The identified TC-1 and TC-2 are two new members of this PBP 
family. They are derived from NAP-2 and CTAP-III, respectively, by the loss of two C-
terminal amino acids, and are the first CXC-chemokine-like molecules with potent 
microbicidal activity (21). 

We have produced TCs as well as a number of variant peptides recombinantly in 
Escherichia coli. One of these variants, rH-TC, was highly active against all 4 bacterial test 
strains used (in preparation). rH-TC is derived from TC-1 by truncation of the ELR-motif 
(see below) and N-terminal fusion of a histidine-tag. Neutrophil activation by NAP-2 relies 
on the presence of the ELR triad (32), a conserved N-terminal sequence also present in 
closely related CXC-chemokines like IL-8, and is required for recognition of the chemokine 
receptor on neutrophils (5). 

The present study was designed to determine the antimicrobial activity of rH-TC 
against a large number of clinical isolates, including strains resistant to traditional 
antibiotics. Furthermore, we aimed to get insight into the microbicidal mechanism of rH-
TC by performing microbicidal assays under various conditions, and by interfering in 
microbial energy metabolism. Finally, we investigated whether the interruption of the ELR 
motif in rH-TC had caused loss of chemotactic activity for neutrophils. 
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MATERIALS AND METHODS 

Microorganisms 
Microbicidal activity of rH-TC was assessed against two test strains, Escherichia 

coli ML35p (24) and Bacillus subtilis ATCC 6633, and against the following bacterial and 
fungal patient isolates. Gram negative bacteria were two enteropathogenic E. coli (EPEC, 
isolates 69187 and 72540), a Proteus mirabilis and a Klebsiella pneumoniae isolate, and 
gentamicin resistant E. coli, Pseudomonas aeruginosa, and Proteus morganii isolates. 
Gram positive isolates were Enterococcus faecalis, Staphylococcus aureus 42D (35), 
Staphylococcus epidermidis RP62 (ATCC 35984), methicillin resistant S. aureus (MRSA) 
and S. epidermidis (MRSE), several clinical S. epidermidis isolates (AMC 43, 48, 77, 82, 
and 89), Streptococcus sanguis U108 (9) and Streptococcus oralis J30 (9). Candida 
albicans, C. glabrata and Cryptococcus neoformans patient isolates were used to test 
fungicidal activity. All clinical isolates were cultured from blood specimens, except the 
EPEC strains. 

Peptides 
rH-TC, a variant of TC-1 (Fig. 1), was produced recombinantly in E. coli BL21 

DE3 lysS (Novagen) as described previously (20). rH-TC lacks the two N-terminal residues 
of NAP-2, and is produced with an N-terminal His-tag derived from a pET16b vector 
(Novagen). After induction with isopropyl-ß-D-thiogalactoside (IPTG, Boehringer, 
Mannheim, Germany) for 5 h, bacteria were lysed and rH-TC was purified using a Ni-NTA 
affinity column (Novagen) followed by continuous acid urea Polyacrylamide gel 
electrophoresis (CAU-PAGE). Protein purity and composition was verified using a 
MALDI-TOF mass-spectrometer, equipped with an on-line nanoelectrospray 
interface(Micromass, Manchester, UK) and by partial N-terminal sequencing by automated 
Edman degradation (Applied Biosystems model 476A Protein Sequencer, San Jose, CA, 
USA). Native thrombocidins TC-1 and TC-2 were purified as described (21). Natural NAP-
2 was a kind gift of Dr. E. Brandt, Borstel, Germany. 

I 10 20 30 40 

TC-1 AELRCMCIKTTSGIHPKNIQSLEVIGKG 
TC-2 NLAKGKEESLDSDLYAELRCMCIKTTSGIHPKNIQSLEVIGKG 
rH-TC MGHHHHHHHHHHSSGHIEGRHMYLRCMCIKTTSGIHPKNIQSLEVIGKG 

50 60 70 80 

TC-1 THCNQVEVIATLKDGRKICLDPDAPRIKKIVQKKLAGDES 
TC-2 THCNQVEVIATLKDGRKICLDPDAPRIKKIVQKKLAGDES 
rH-TC THCNQVEVIATLKDGRKICLDPDAPRIKKIVQKKLAGDESAD 

Figure 1. Sequences of thrombocidin-1 (TC-1), TC-2 and recombinant H-TC. 
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Microbicidal assays 
Microbicidal activity of rH-TC was determined as described previously (21). 

Bacteria cultured overnight in tryptic soy broth (TSB; Difco, MI, USA) were diluted 50-
fold in fresh TSB and grown to logarithmic phase at 37°C in 2-3 h. Fungi were cultured at 
30°C for 48 h in 0.7% [w/v] yeast nitrogen base (YNB; Difco) supplemented with 0.15% 
[w/v] L-asparagine (Merck, Darmstadt, Germany) and 1% [w/v] glucose (Merck). Cells 
were washed in 10 mM phosphate buffer pH 7.0 supplemented with 0.06% [w/v] TSB, and 
diluted to 1-2 x 105 cfu/ml in this buffer. Minimal bactericidal concentrations (MBCs) and 
minimal fungicidal concentrations (MFCs) were determined using two-fold serial dilutions 
of peptide prepared in 0.01% [v/v] acetic acid. Aliquots of 5 ul of these dilutions were 
transferred to a low protein-binding polypropylene microtiter plate (Costar, Cambridge, 
USA) and to each well 45 ul of bacterial or fungal suspension was added. The plate was 
incubated on a rotary shaker (300 rpm) at 37°C (bacteria) or 30°C (fungi) for 2 h. Duplicate 
10 ul-aliquots of each incubation were spotted onto blood agar plates which had been pre-
dried for 1 h at 37°C. Bacterial and fungal colonies were counted after 24 h and 48 h, 
respectively. The MBC and MFC were defined as the concentration of peptide at which 
<0.1% of the inoculum survived. 

Mechanism of rH-TC microbicidal acticity 
In order to study parameters influencing susceptibility to rH-TC, E. coli ML35p 

and S. epidermidis RP62 were tested under the following conditions. In addition to standard 
test condition described above, the buffer pH was changed to 5.6 and 8.2. Influence of 
bacterial growth phase on rH-TC antimicrobial activity was tested by using stationary phase 
bacteria from overnight cultures. Bacteria in logarithmic phase were treated with 25 uM 
carbonyl cyanide m-chlorophenylhydrazone (CCCP; Sigma, St. Louis, MI, USA) or sodium 
azide (1 mM) to dissipate membrane potential or to inhibit cell metabolism, respectively. 
Bacteria were preincubated for 20 min in standard buffer supplemented with either 
compound prior to addition of rH-TC and further incubation for 2 h at 37°C. 

Selective synthesis of phospholipids in E. coli. 
E. coli HDL 11 was used to test the influence of cytoplasmic membrane 

composition, notably the presence or absence of negatively charged phospholipids, on 
susceptibilty to rH-TC. E. coli HDL11 carries the pgsA gene, coding for 
phosphatidylglycerol (PG)-phosphate synthase involved in the synthesis of the negatively 
charged lipids PG and cardiolipin (CL), under control of a lac promoter (22). In the 
presence of the inducer IPTG, phospholipid composition is comparable to wild type, while 
in the absence of IPTG the level of negatively charged phospholipids is strongly reduced. 
E. coli HDL 11 was grown overnight in Luria Bertani broth (LB) supplemented with 
kanamycin (50 ug/ml), tetracyclin (10 ug/ml) and chloramphenicol (20 ug/ml) (22) and 
two fresh subcultures were prepared. One of these cultures was supplemented with IPTG 
(100 uM) to induce PG and CL synthesis, the other was left untreated. When cultures had 
reached logarithmic phase (A62o = 0.7) bacteria were harvested. One portion of each 
bacterial preparation was used to test susceptibility for rH-TC (described above), the 
remainder was used to verify phospholipid composition. Phospholipids were extracted in 
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chloroform/methanol, separated by TLC in chloroform/methanol water/ammonia 
120/75/6/2 (v/v/v/v) and stained by iodine vapour. 

Chemotaxis assay 
Neutrophils were isolated from heparinized blood obtained from healthy 

volunteers by gradient centrifugation using Percoll. Neutrophil chemotactic activity of the 
peptides was assessed using a modified Boyden chamber technique as described (18,31), 
using 10"8 M N-formylmethionyl-leucyl-phenylalanine (fMLP; Sigma) as positive control. 
All data were expressed as perentage of this positive control. Interleukin-8 (IL-8, 
Peprotech, London, UK) was included as control for chemokine-induced Chemotaxis. 

Hemolytic assay 
Hemolytic activity was tested using human red blood cells. Fresh human blood 

was collected in tubes containing EDTA. One ml of blood was added to PBS (10 mM 
phosphate buffer, 130 mM NaCl, pH 7.4) or isoosmotic phosphate buffered glucose (PBG; 
285 mM glucose, 2.5% PBS) and centrifuged at 200 g for 15 min. The upper layer of 
pelleted cells was removed, leaving a pellet enriched in erythrocytes. These cells were 
washed three times in PBS or PBG and 1% suspensions [v/v] were prepared in either 
buffer. Serial dilutions of peptides were prepared in 0.01% acetic acid in a polypropylene 
microtiterplate (Costar, Cambridge, USA). To 5 ul of dilutions of rH-TC in 10 mM 
phosphate buffer, 45 ul of the erythrocyte suspensions were added. Incubations without 
peptide and with 1% [v/v]Triton X-100 served as negative and positive controls, 
respectively. Mixtures were incubated at 37°C for 30 min and subsequently centrifuged at 
1000 g for 5 min. Hemoglobin release was monitored spectrophotometrically by measuring 
optical density at 540 nm (A540). Hemolysis was expressed as a percentage of hemolysis of 
the positive control using the equation ((Ax-Ac)/(At-Ac))xl00%, in which Ax, Ac, and At 
are absorption values at rH-TC concentration x, of the controls without peptide and with 
Triton X-100, respectively. Melittin (Sigma, St. Louis, MO, USA) was used as a hemolitic 
control peptide. Experiments were performed in quadruplicate. 

RESULTS 

Microbicidal activity of rH-TC 
We studied susceptibility to rH-TC of a large number of clinical microbial isolates, 

including Gram positive and Gram negative bacteria, of which several were (multi) 
resistant to antibiotics, and fungi. rH-TC appeared to be highly active against the majority 
of the isolates, without specificity for Gram positive or Gram negative bacteria and 
irrespective of their resistance to conventional antibiotics (Table 1). Generally, bactericidal 
concentrations were between 0.5 and 2 uM, and were somewhat higher for Pseudomonas 
and Enterococcus. Proteus spp. were insusceptible up to the highest concentation tested 
(7.5 uM, Table 1). Antifungal activity was tested against Cryptococcus neoformans, 
Candida albicans and Candida glabrata, C. neoformans was highly susceptible for rH-TC, 
while the Candida strains were not killed at 15 uM (Table 1). 
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Table 1. Microbicidal concentrations of rH-TC for various bacteria and fungi. Experiments were 
performed twice in duplicate. Results for replicates never differed more than 1 dilution step. 

Microorganisms Microbicidal activity 
(MBC/MFC; uM) 

Gram negative bacteria 
Escherichia coli 69187 (EPEC) 0.9 
Escherichia coli 72540 (EPEC) 0.4 
Escherichia colia) 0.9 
Escherichia coli ML35p 0.9 
Pseudomonas aeruginosa 3.8 
Proteus mirabilis >7.5 
Proteus morganiia) >7.5 
Neisseria meningitidis W135 1.9 
Klebsiella pneumoniae 1.9 

Gram positive bacteria 
Bacillus subtilis ATCC6633 0.4 
Staphylococcus aureus AID 1.9 
Staphylococcus aureus (MRSA) 1.9 
Staphylococcus epidermidis RP62 1.9 
Staphylococcus epidermidis AMC43 0.6 
Staphylococcus epidermidis AMC48 0.6 
Staphylococcus epidermidis AMC77 0.6 
Staphylococcus epidermidis AMC82 1.2 
Staphylococcus epidermidis AMC89 0.6 
Staphylococcus epidermidis (MRSE) 1.2 
Streptococcus sanguis U108 1.9 
Streptococcus oralis J30 1.9 
Enterococcus faecalis 7.5 

Fungi 
Cryptococcus neoformans 0.4 
Candida albicans >15 
Candida glabrata >15 

Gentamycin resistant strains 
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Table 2. Influence of test parameters on bactericidal activity of rH-TC. Standard test medium was 10 
mM phosphate buffer, pH 7.0, supplemented with 0.06% TSB. Experiments were performed twice in 
duplicate. Results for replicates never differed more than 1 dilution step. 

Testconditiona 
MBC (uM) of rH-TC for 

E. coli ML35p S. epidermidis RP62 

Standard (pH 7.0) 0.9 1.9 
Buffer pH 5.6 0.4 1.9 

Buffer pH 8.2 0.9 1.9 

Stationary phase bacteria 7.5 1.9 
4°C >15 7.5 

CCCP (25 uM) 3.8 3.8 
Azide (1 mM) 0.9 1.9 

a Testconditions are detailed in methods section. Standard tests were performed with log 
phase bacteria, at pH7.0 and at 37°C. 

Microbicidal mechanism of rH-TC 
Killing of microorganisms by many antimicrobial peptides relies on the interaction 

of the peptides with the outer surface of the target organism and subsequent membrane 
destabilization or permeabilization (14). We studied several variables which might interfere 
with the killing process of E. coli and S. epidermidis, in order to get insight in the 
microbicidal mechanism of rH-TC. 

Buffer pH is a determinant for bactericidal activity of a number of antimicrobial 
peptides (23,34). Environmental pH determines peptide charge and thus presumably 
strength of electrostatic interactions between the peptide and the target bacterial surface. 
MBCs of rH-TC for E. coli ML35p and for S. epidermidis RP62 assessed in phosphate 
buffers at pH 5.6, 7.0 and 8.2 were nearly identical (Table 2). rH-TC was slightly more 
active against E. coli ML35p (and isolates 69187 and 72540, not shown) at acidic pH, but 
MBCs at pH 5.6 and at higher pH differed only one dilution step at the most. 

The influence of metabolic state on susceptibility for rH-TC was investigated by 
comparing susceptibility of logarithmic and stationary phase bacteria, and by exposing 
logarithmic-phase bacteria to rH-TC at 4°C. Stationary-phase E. coli were less susceptible 
to rH-TC (7.5 uM) than log-phase cells (0.9 uM, Table 2). Stationary and log-phase S. 
epidermidis were equally susceptible. Exposure of log-phase bacteria to rH-TC at 4°C led to 
a substantial increase of the MBC for both E. coli (>15 uM) and S. epidermidis (7.5 uM, 
Table 2). 

These observations suggested that susceptibility for rH-TC is affected by the 
bacterial metabolic activity. This was further investigated by adding sodium azide 
(blocking ATP generation) or CCCP (uncoupling bacterial respiration and dissipating the 
membrane potential) to the bacterial suspensions prior to exposure to rH-TC. Preincubation 
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of both test strains, E. coli ML35p and S. epidermidis, with azide did not affect microbial 
susceptibility for rH-TC (Table 2) indicating that metabolically inactive bacteria are killed 
equally effective as bacteria in log-phase. CCCP caused a four-fold increase of the MBC of 
rH-TC for E. coli (3.8 uM vs. 0.9 uM in control) and a two-fold increase for S. epidermidis 
(3.8 uM vs. 1.9 uM in control, Table 2). This indicates that dissipation of the membrane 
potential to some extent inhibits rH-TC activity, but that membrane potential is not the sole 
determinant for rH-TC bactericidal activity. 

100 

1 10 100 

peptide concentration (nM) 

Figure 2. Neutrophil chemotctic activity of rH-TC (•), TC-1 (•), TC-2 (•), NAP-2 (A) and IL-! 
(x). Activity was expressed relative to Chemotaxis induced by fMLP. Means of 6 experiments are 
shown + or - SEM. 

103 



Chapter 6 

Influence of membrane composition on microbicidal activity 
Many antimicrobial peptides have been tested in vitro by testing their liposome-

permeabilizing potency. This activity strongly depended on the presence of negatively 
charged phospholipids in the lipid bilayer (27). To test whether rH-TC activity depends on 
phospholipid composition of E. coli cytoplasmic membranes, strain HDL 11 was used. In 
this strain synthesis of anionic phospholipids is controlled from an IPTG-inducible lac 
promoter. Bacteria grown in the presence and absence of IPTG were tested for their 
susceptibility to rH-TC. In wild type bacteria the ratio of the phospholipids PE/PG/CL 
generally is 70/25/5. As judged from TLC analysis, the membrane composition of IPTG-
induced E. coli HDL11 was similar to this ratio, with a slight increase in CL content at the 
cost of PG. Non-induced bacteria contained only a small proportion of CL, while PG could 
not be detected at all (not shown). Despite this difference in phospholipid composition, the 
induced and uninduced bacteria were equally susceptible for rH-TC. MBCs were 0.9 uM in 
both cases, and were equal to bactericidal concentrations for the E. coli strains tested earlier 
(Table 1). Thus, susceptibility of E. coli to rH-TC does not seem to be determined by 
negatively charged components of the inner membrane. 

Chemotactic activity of rH-TC, TCs and NAP-2 
We investigated whether TCs and rH-TC had neutrophil chemotactic activity using 

NAP-2 and IL-8 as reference neutrophil attractants. IL-8 had higher chemoattractant 
activity than NAP-2 (Fig. 2). Chemoattractant activity of TC-2 was similar to that of NAP-
2. Compared to TC-2 and NAP-2 the chemotactic activity of TC-1 was potent at 10 nM, but 
less potent at 100 nM. In contrast to the natural fhrombocidins and chemokines, rH-TC had 
no detectable activity at any concentration (Fig 2). 

Hemolytic activity 
The selectivity of rH-TC for microbial membranes was assessed by determining 

hemolytic activity of this peptide. In general, hemolytic activity is assessed in PBS, but 
recently a more sensitive method was described using an isoosmotic glucose buffer (PBG) 
as the test medium (17). Both buffers were used here. Bee venom melittin was used as a 
positive control peptide, and was found to fully lyse erythrocytes at approximately 5 uM in 
PBS as well as PBG (Fig. 3). rH-TC was not hemolytic in PBS, but showed some 
hemolytic activity at the highest concentration tested (30 uM) in PBG (Fig. 3). No 
hemolytic activity was observed at lower concentrations at which rH-TC is microbicidal. 
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Figure 3. Hemolytic activity of rH-TC (triangles) and melittin (circles) in PBS (open symbols) and 
phosphate buffered glucose (PBG, closed symbols). 

DISCUSSION 

The recombinant microbicidal peptide rH-TC is derived from TC-1 and is fused N-
terminally to a His-tag containing 10 consecutive histidines. We have shown previously 
(20) that rH-TC had lower MBCs than TC-1 for a limited number of microorganisms tested. 
Furthermore, the His-tag of rH-TC synthesized as a 21-mer peptide was microbicidal itself, 
suggesting that the increased activity of rH-TC was due to this His-tag. To further explore 
the microbicidal potential of rH-TC we tested the susceptibility of a large number of 
clinical isolates of Gram positive and Gram negative species including (multi) resistant 
isolates. 

rH-TC was potently bactericidal. MBCs ranged from 0.4 uM for B. subtilis and 
several E. coli isolates to 7.5 uM for E. faecalis, and the large majority of bacteria were 
killed at 1-2 uM. Proteus was the only bacterial species found to be resistant. Additionally, 
rH-TC had potent fungicidal activity against C. neoformans, but was inactive against 
Candida spp. These results indicate that rH-TC is not selective for Gram positive or Gram 
negative bacteria, and that resistance to conventional antibiotics does not seem to interfere 
with rH-TC bactericidal activity. 

Broad-range bactericidal activity is a common characteristic of peptide antibiotics 
and is often associated with a cidal mechanism at the level of the bacterial membrane (14). 
A commonly proposed mechanism involves initial contact between the peptide and the 
bacterial surface by electrostatic interactions, followed by disturbance of membrane 
integrity, possibly by pore formation, leading to membrane leakage and cell death (14,15). 
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To investigate whether rH-TC would act by such a mechanism several conditions in the 
microbicidal assays were varied. 

If initial contact between the cationic peptide and the negatively charged surface of 
the target microorganism would be determined by electrostatic interactions, modulation of 
peptide charge by changing buffer pH might be expected to have an effect on bactericidal 
activity. However, such an effect was not observed for rH-TC which was equally active at 
pH 5.6, 7.0 and 8.2. In contrast, rabbit platelet micobicidal peptides (PMPs) were reported 
to be more active at pH 5.5 than at neutral pH, which was explained by assuming an 
increased peptide charge at low pH (33,34). Possibly, the pi of rH-TC is too high 
(calculated to be 9.0) for a change in charge in the tested pH range to influence cidal 
activity. 

In many studies using liposomes as model systems for peptide-induced membrane 
leakage, peptide activity was critically dependent on the presence of anionic phospholipids 
in the vesicle (27). Therefore it has been postulated that activity of peptide antibiotics is 
mediated by these phospholipids in bacteria as well. Rather than using a liposome model 
system we used E. coli HDL11, in which the phospholipid composition can be varied. rH-
TC activity against this strain appeared to be independent of phospholipid composition. rH-
TC was as active against E. coli bacteria synthesizing a wild type spectrum of 
phospholipids as against bacteria inhibited in the synthesis of the anionic phospholipids PG 
and CL. Apparently, electrostatic interactions between rH-TC and phospholipids in the 
cytoplasmic membrane do not determine bactericidal activity. 

Stationary phase E. coli were less susceptible to rH-TC than log phase cells. 
However, susceptibility of log phase cells at 4°C was strongly decreased. Susceptibility of 
S. epidermidis in stationary phase and log phase was not different, while susceptibility at 
4°C was decreased four-fold. This indicated that susceptibility might depend on the level of 
metabolic activity. However, no difference in susceptibility was observed between azide-
treated and control cells of E. coli and S, epidermidis. Another explanation for the 
decreased susceptibility of stationary phase and cold-treated bacteria could be a decreased 
membrane potential. The presence of a membrane potential has been shown to favor the 
microbicidal effect of several other peptide antibiotics (19,25). Dissipation of the 
membrane potential by preincubation of E. coli and S. epidermidis with CCCP indeed 
caused a four-fold and a two-fold increase in MBC respectively, compared to untreated 
cells. It is hard to say whether this moderate increase in susceptibility reflects serious 
dependence of rH-TC bactericidal activity on membrane potential. It has been proposed 
(14) that a membrane potential (negative inside) would promote proper orientation of 
positively charged peptides in the membrane, or their transport across this membrane. In a 
lactococcal test system membrane potential was shown to decline only very slowly in the 
presence of TC-1 and TC-2 (21). This indicated that no dissipation occurred, but that TCs 
interacted with the membrane, an effect possibly dependent on the presence of a membrane 
potential. Likewise, rH-TC activity could partially be dependent on membrane potential as 
a driving force for association of the peptide to or transport across the membrane. 

In some Gram negative bacteria, phosphate substitutions in the lipid-A moiety of 
LPS have been shown to induce resistance to peptide antibiotics (30). For instance, Proteus 
species have a high level of substitution by aminoarabinose (28) possibly contributing to 
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their intrinsic resistance to a number of cationic antibacterial peptides, including rH-TC 
(Table 1). In Salmonella acylation of lipid A governed by the two-component regulator 
PhoP-PhoQ causes resistance to microbicidal peptides (12,13). An identical modification of 
LPS has been shown to confer peptide-resistance in cold shock-treated E. coli by the rapid 
induction of an acyltransferase resulting in palmitoylation of LPS (3). In addition to the 
possible influence of changes in membrane potential, such a mechanism could also partially 
explain the decreased susceptibility of E. coli to rH-TC at 4°C in our experiments. Thirdly, 
low temperature could induce membrane phase transition, which reduces membrane fluidity 
and would prevent rH-TC from permeabilizing the bacterial membrane. Such a mechanism 
might also raise the MBC of S. epidermidis at 4°C. No conditions are known modifying 
Gram positive cell wall components associated with decreased susceptibility to peptide 
antibiotics, as observed in the lipid A of gram negatives. 

rH-TC activity was not entirely selective for microbes, since it also showed a low 
level of hemolytic activity. In PBG, allowing sensitive determination of hemolytic activity 
(17), no hemolysis was apparent below 20 uM, which is about 10 times the MBC for most 
of the microorganisms tested. At 30 uM some hemolytic activity was however observed, 
indicating that low level of cytotoxicity cannot be ruled out. 

TCs are derived from CXC-chemokines NAP-2 and CTAP-III, of which NAP-2 is 
a potent neutrophil attractant and activator. Therefore, chemoattractant activity of TCs as 
well as rH-TC was investigated. Chemotactic activity of NAP-2 and other CXC-
chemokines such as IL-8 depends on a conserved N-terminal motif consisting of the 
residues ELR. Truncation or modification of this motif abolished or severly reduced 
chemotactic activity of IL-8 (5,32). In addition to the presence of this motif, the length of 
the N-terminal sequence preceding it influences chemotactic activity. CTAP-III, for 
example, has no chemotactic activity, supposedly due to the folding of the N-terminal 
stretch over the ELR sequence preventing receptor recognition (26). In our study, TC-1 and 
TC-2 had chemotactic activity. Opposed to natural TCs, rH-TC had no appreciable 
neutrophil attracting activity, not even at the highest concentration tested. This could either 
be due to the loss of the ELR sequence, the presence of an extended N-terminal sequence 
(i.e. the His-tag), or both. 

In conclusion, rH-TC has potent broad-range microbicidal activity which is partly 
dependent on the membrane potential of the target organisms. Combined with the absence 
of neutrophil chemotactic activity, rH-TC offers attractive characteristics for further 
development of this peptide towards a clinically applicable antimicrobial agent. 
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INTRODUCTION 

Peptide antibiotics form an integrated part of the defense system against invading 
microorganisms of most if not all species of life. Besides their widespread occurrence, they 
generally share a broad-range antimicrobial activity against Gram positive and Gram 
negative bacteria, as well as fungi. Because of these traits peptide antibiotics are often 
classified as belonging to the aspecific host defense system. Alternatively, the terms innate 
or first-line host defense are used to indicate that peptide antibiotics are readily available 
and need not be induced upon infection, as is the case with the components of the adaptive 
immune response. 

Based on their structure and specific amino acid composition antimicrobial 
peptides have been categorized into four classes, ß-sheeted peptides stabilized by one or 
more disulfide bonds, a-helical peptides, looped structures and extended coils (46). For a 
general overview of these classes and a fairly complete description of the peptides they 
encompass, the reader is referred to a number of comprehensive reviews 
(13,14,35,46,47,90). 

Peptide antibiotics may have potential to complement conventional antibiotics, 
which are increasingly ineffective in the combat against microbial infections due to 
increased levels and rapid spreading of microbial resistance (22,26). Several reviews are 
available focusing on structures of peptide antibiotics (46,47,115), on specific classes of 
peptides (33,35,76,104,122), or on their clinical status (15,48). Although touched upon in 
several reviews (7,56,74,103) no comprehensive summary has been published regarding 
characteristics of peptide antibiotics required for antimicrobial activity. More confusing, 
studies on these characteristics have often been performed using membrane vesicles or 
planar lipid membrane systems. It is unclear how results from such experiments can be 
extrapolated to the actual killing of microorganisms. Therefore, the scope of this review is 
to evaluate the characteristics of peptides contributing to their antimicrobial activity, and to 
assess the value of findings in artificial membrane systems for the actual killing of 
microorganisms. Furthermore, directions will be discussed how this knowledge could be 
used to synthesize peptide antibiotics by rational design. 

TESTING ACTIVITY OF MICROBICIDAL PEPTIDES 

The rapid lysis of bacteria has been shown to be the basic mechanism of many 
microbicidal peptides. The concept that these peptides are membrane active agents forming 
pores and thereby causing leakage of nutrients or loss of membrane integrity is widely 
accepted. The method of choice to test peptide microbicidal activity is to expose selected 
microorganisms to a peptide and culture the surviving organisms. However, in order to 
obtain insight into the microbicidal mechanism other approaches are required. In this 
respect, particularly artificial (model) membranes have shown their usefulness. 

Two types of membranes have been used most widely, planar bilayers and lipid 
vesicles. Planar bilayers are used to study ion permeability by measuring electrical 
conductance across the membrane as a function of the applied voltage. Normally lipid 

113 



Chapter 7 

bilayers are impermeable for ions, but in the presence of microbicidal peptides ion-
permeable channels can be formed. 

Lipid vesicles (or liposomes) are aqueous compartments enclosed by a lipid 
bilayer. They can be formed by sonication of a suitable lipid (mixture) in an aqueous 
medium or by dispersion of the lipid and aqueous medium through a needle with small 
diameter. Liposomes offer a versatile system for studying several parameters, of which the 
following are the most common. Firstly, the lipid composition can be varied at choice. 
Bacterio-mimetic vesicles can be formed by using a mixture of zwitterionic (phospatidyl 
choline (PC) or phosphatidyl ethanolamine (PE)) and anionic phospholipids (phosphatidyl 
glycerol (PG), diphosphatidyl glycerol (= cardiolipin, CL) or sphingomyelin). Subtle 
variation of membrane composition allows the study of requirements for peptide-lipid 
interaction and its consequences for membrane disintegration. Secondly, non-lipid 
compounds can be entrapped inside the vesicles to monitor their release after exposure to 
peptides. This method is used to study the size of pores formed, by measuring the (pace of) 
leakage of molecules of defined molecular weight. Finally, a membrane potential or pH 
gradient can be applied over the membrane. Both membrane potential and pH gradient may 
influence peptide activity, or may change upon peptide-lipid interaction. 

An important prerequisite of effective peptide antibiotics is their selectivity for 
microbial membranes, i.e. eukaryotic membranes should be left undamaged. Eukaryotic 
membranes can be mimicked in liposomes by omission of the anionic phospholipids and by 
inclusion of cholesterol. In most studies however, erythrocytes are used to test cytotoxicity 
for eukaryotic membranes, since leakage of hemoglobin from these cells can be measured 
with high sensitivity. 

Leakage patterns of dyes from liposomes can be fitted in a model describing mode 
and time scale of pore formation by peptides, as well as the size of the pore. One of the 
archetypes of pore-forming antibacterial peptides is alamethicin, a 20-residue oc-helical 
peptide isolated from the fungus Trichoderma viride (87). By insertion and oligomerization 
in lipid bilayers, alamethicin forms highly conductive transmembrane pores which are 
characterized by their high stability (31,40) (Fig. 1). Initially, pore formation by other 
antimicrobial peptides was postulated to proceed in a similar way, but detailed mechanistic 
studies necessitated rejection of this hypothesis. For the most extensively investigated 
antimicrobial peptides these studies will be described below. 

In many cases the use of fluorescent techniques has proven highly useful to dissect 
mechanisms of pore formation. They not only enable monitoring of membrane leakage, but 
have also been used to investigate position and orientation of peptides in membranes. For a 
detailed description of such methodologies the interested reader is referred to a number of 
recent reviews (64,65). 
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Table 1. Sequences of representative antimicrobial peptides from different classes. Asterisks denote 
C-terminal amidation. 

Peptide Sequence 

ß-sheeted 

HNP-1 

HNP-2 

HNP-3 

NP-1 

NP-2 

Protegrin 1 

Protegrin 3 

a-helical 

Cecropin A 

CecropinPl 

Magainin 1 

Magainin 2 

ACYCRIPACIAGERRYGTCIYQGRLWAFCC 

CYCRIPACIAGERRYGTCIYQGRLWAFCC 

DCYCRIPACIAGERRYGTCIYQGRLWAFCC 

VVCACRRALCLPRERRAGFCRIRGRIHPLCCRR 

VVCACRRALCLPLERRAGFCRIRGRIHPLCCRR 

RGGRLCYCRRRFCVCVGR* 

RGGGLCYCRRRFCVCVGR* 

KWKFKKIEKMGRNIRDGIVKAGPAIEVIGSAKAI 

SWLSKTAKKLENSAKKRISEGIAIAIQGGPR 

GIGKFLHSAGKFGKAFVGEIMKS 

GIGKFLHSAKKFGKAFVGEIMNS 

MICROBICIDAL MECHANISM OF ß-SHEETED PEPTIDES 

ß-Sheeted cysteine-containing peptides: 1. Defensins Human polymorphonuclear 
neutrophils (PMN) contain a range of antimicrobial peptides (23,71,108). Most abundant 
are the defensins, human neutrophil peptides (HNP) 1 to 4 (Table 1), constituting 5 to 7% 
of the total cellular protein content of PMN (70). The structure of HNP-3 was elucidated 
first (52), and appeared to be representative for structures of HNPs to be resolved later (96). 
A HNP monomer is characterized by three antiparallel ß-sheets, and the molecule is given a 
compact conformation by three intramolecular disulphide bridges. In the crystallized HNP 
two monomers form a stable basket-like configuration with an apolar base and a polar top, 
making it a structure with amphiphilic characteristics (52). Unlike a-helices, which are 
preferentially formed at a lipid interface (see below), the rigid structure of defensins in 
aquous solution remains intact upon interaction with lipid (32). This rigidity and the 
stability of the dimer imply that this is also the biologically active conformation of HNPs 
(52). ' 

Defensins are active against a broad range of microorganisms, including gram 
positive and gram negative bacteria (34), fungi (69) and enveloped viruses (23). 
Antibacterial and antifungal activity depend on metabolic activity of target organisms 
(68,69). Defensins were shown to subsequently permeabilize the outer and inner membrane 
of E. coli causing loss of vital functions (68). In conjunction with the observation that 
defensin (HNP-1) can form voltage-dependent channels in lipid membranes (58), the 
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bacterial cytoplasmic membrane has since been considered to be the primary target of these 
peptides. 

In order to discern the cidal mechanism the ability of defensin to induce fusion and 
lysis of lipid vesicles of various composition has been studied. Since HNP-2 specifically 
interacted with anionic, and not with zwitterionic lipids in liposomes (72) and loss of lipid 
organization was observed only in vesicles composed of anionic lipids (32,128), initial 
defensin-lipid interaction is most likely governed by electrostatic interactions. Human 
defensins were shown to be able to fuse negatively charged vesicles (32), thereby causing 
lipid mixing of the outer leaflet without mixing of the vesicle content (128). Rather than to 
this hemi-fusion of cells, the underlying mechanism of HNP-mediated microbial killing has 
been related to its ability to cause membrane leakage. Entrapped fluorescent probes could 
be released from vesicles quantitatively, and dextran-derivatives of up to 19 kDa could be 
liberated at least partly (128). This indicated the presence of pores with a diameter of 25 Â, 
estimated to be formed by oligomers of 6-8 defensin molecules (128). 

Rabbit defensins (NPs) (Table 1) are closely related to human defensins (96) but 
form monomers in solution (54). NPs are able to cause leakage of entrapped probes from 
vesicles and, like with HNPs, this process was highly dependent on the presence of 
negatively charged lipids in the membrane, especially cardiolipin (55). Dextrans of up to 50 
kD were released, which would require pores of 60Â in diameter, consisting of an 
estimated 50 defensin monomers (55). Since formation of such large pores is very unlikely, 
a model was proposed in which release was explained by assuming transient membrane 
disturbance in a diffusion-limited process (55). 

By release of fluorescent probes (65) the mechanisms of vesicle leakage due to 
HNP and NP were shown to be different. The first mechanism was characterized by an all-
or-none release of the probe (128), possibly reflecting pore formation by oligomerization of 
HNP in the membrane. The mechanism observed for NPs showed a graded leakage of the 
probe from vesicles composed of PG (54), suggested to be caused by transient membrane 
disturbance. However, a much faster release was observed from vesicles composed of E. 
co//-extracted lipids (55), indicating that the mechanism of membrane permeabilization 
depended on lipid composition. The difference in the mechanism of leakage from PG 
vesicles due to HNP and NP is suggested to be caused by the presence of HNP as dimers, as 
opposed to NPs which are predominantly monomeric (54). 

Detailed structure-function studies of defensins have not been performed yet due 
to difficulties in synthesizing peptides with three intramolecular disulfide bridges. 
However, studies using natural defensins on model membranes, as described above, 
indicate several crucial elements required for defensin activity. These include membrane 
interaction promoted by the positive charge of the peptides, and possibly peptide 
multimerization in the membrane. However, the exact relevance of liposome-leakage 
models for microbicidal activity remains unclear. For instance, although linearized 
defensins had no antibacterial activity, they were more effective in causing vesicle leakage 
than the folded forms (32,128). Furthermore, the voltage-dependence of pore-forming 
activity initially observed in planar bilayers (58) has not become apparent from the work 
using liposomes. 
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ß-Sheeted cysteine-containing peptides: 2. Protegrins. Protegrins are a group of small 
(16-18 residues) ß-sheeted peptides containing two intramolecular disulphide bridges, 
imposing a hairpin-like structure to these molecules (6,28). Protegrins were isolated from 
porcine leukocytes (60,133), where they are stored in inactive form. They are activated 
upon excretion by the elastase-mediated removal of an N-terminal domain (95, 111). 

Although less is known about the detailed microbicidal mechanism of protegrins 
compared to defensins, these are promising compounds for possible application as 
antiinfective agents for a number of reasons. In the first place, protegrins are active against 
a broad range of microorganisms, including Gram-positive and Gram-negative bacteria and 
fungi (20,30,88,99,117). Secondly, as opposed to defensins, activity of protegrins is 
retained in the presence of salt (20,49) and moderate amounts of serum (111,130). Probably 
owing to these characteristics protegrins significantly reduced mortality due to S. aureus, 
P. aeruginosa and VRE infections in an in vivo infection model (117). Therefore, protegrin 
variants are presently under investigation in clinical trials (47). 

Structure-function studies of protegrins revealed that the presence of at least one 
cysteine bridge is needed for antimicrobial activity, although full activity requires 
completely folded protegrin. Removal of both disulfide bridges almost entirely abolished 
activity (20,49,131). This implies that the secondary structure of protegrins is an important 
determinant for microbicidal activity. In addition, residues in the central part of protegrins 
appear to be required for full activity since modest C-terminal truncation is tolerated, while 
truncation of >4 N-terminal residues led to considerable loss of activity (131). 

Only few studies are available on the antimicrobial mechanism of protegrins at the 
molecular level. It has been observed that protegrins, like other ß-sheeted peptides (see 
above), can form ion-permeable channels in membranes (75). Since the all-D enantiomer of 
protegrin-1 was as active as the natural L-form, the involvement of specific receptors is 
unlikely, and the microbial lipid bilayer is thought to be the target of protegrins (20,131). 

Protegrin-1 is present as a monomer in solution (6). In the presence of zwitterionic 
micelles, however, dimers are formed which possibly associate to higher-order clusters, in 
analogy to defensins (102). A more detailed study of protegrin-1 in anionic bilayers 
revealed that the peptide could be oriented into the membrane in multiple states, of which 
the extremes were called S and I (51). Orientation in either state depended on relative 
humidity of the system and peptide concentration. Although no conclusive evidence could 
be given about the exact orientation in S or I state, it was suggested that the S state, at low 
peptide concentration, corresponded to surface absorbed peptide. The I state, at high 
peptide concentration, most likely represents a membrane spanning orientation (51). 
Transition from one state to the other was observed, but how this effect relates to 
microbicidal activity remains to be resolved. 

Tachyplesin is an amphiphilic, cyclic 17-residue peptide with an antiparallel ß-
sheet structure, analogous to protegrins. The two disulfide bridges in tachyplesin have been 
shown to be of crucial importance for antibacterial activity (85). When linearized, 
tachyplesin was still capable of destabilizing bilayer organization, but antimicrobial activity 
was much weaker. The antimicrobial effect of tachyplesin most likely is based on its ability 
to span vesicle and bacterial membranes, and to traverse these membranes. Linearized 
tachyplesin had lost this property (85). 
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MICROBICIDAL MECHANISM OF cc-HELICAL PEPTIDES 

a-Helical peptides: 1. Magainins. Of the many antimicrobial peptides presently known 
in frog skin (10), the magainins were the first to be isolated (132) and have since become 
the model representatives of antimicrobial peptides in numerous studies. Magainins 1 and 2 
are closely related 23-residue peptides (Table 1) isolated from granular glands of Xenopus 
laevis skin (132) and have broad spectrum microbicidal activity (39,132). Although 
magainins have no defined structure in solution, they readily adopt an amphipathic a-
helical conformation upon interaction with lipids (77). Magainin dissipated electrical 
membrane potential across various energy transducing membranes by the formation of 
weakly anion-selective pores (27,123). Uncoupling of controlled respiration by interference 
in ATP synthesis seems to be part of the killing mechanism of magainins (123). 

Further studies on peptide-membrane interactions revealed that magainins are 
highly selective for acidic membranes (127). Magainins do not bind liposomes composed of 
zwitterionic lipids, and magainins with increased charge more potently disturbed lipid 
organization (127) indicating that their initial contact with membranes is governed by 
electrostatic interactions. Interaction with lipids leads to a peptide orientation which is 
parallel to the membrane surface, embedding the hydrophobic face of the helix in the acyl-
chain region (8,80). In this process, no stable peptide aggregation is observed (105), but 
peptides seem to be in a monomer-dimer equilibrium (80). However, calcein release from 
liposomes suggested that pore formation occurs, and from the initial rate constant of 
magainin-induced calcein leakage it was deduced that pores were formed by 4-6 monomers, 
which had a transient character judging from their short life span (73,80). These pores were 
formed by a supramolecular structure consisting of peptide and lipid (73,78) in contrast to 
the pores of peptide alone as in the barrel-stave model of alamethicin (31). 

Before the equilibrium state was reached, pores acted as ion channels dissipating 
membrane potential, and as molecular sieves releasing 600 Da fluorophores and retaining 
larger molecules. Disintegration and thus closure of the pore (equilibrium state) caused 
redistribution of magainins, leaving a number of the peptides on the outside of the 
membrane, but also translocating 20-30% peptides across the bilayer to the inner leaflet 
(78) (Fig 1). Furthermore, peptide redistribution was concomitant with exchange of lipids 
from the outer to the inner leaflet and vice versa, leading to lipid asymmetry (79). 

Although this model was valid for PG liposomes, in PS bilayers no pore formation 
occured, probably owing to the accumulation of peptide on the liposome surface (83). On 
PS-membranes, magainin is more likely to act by a carpet mechanism characterized by 
random deposition of peptide on the membrane, thereby destabilizing membrane integrity 
(83). 

Membrane permeabilization is not only influenced by lipid charge, but also by 
charge of the peptide. Magainin derivatives with increased positive charge effectively killed 
bacteria (82), but did not show maximal permeabilizing activity in a liposome model (81). 
This was due to pore destabilization, most likely to occur by repulsion of the helices (81). 
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In contrast to the permeabilization of strongly negatively charged liposomes 
composed of PG, which was crucially dependent on electrostatic interactions, 
permeabilization of weakly negative liposomes (PG/PC mixture) depended on hydrophobic 
interactions (127). Increase of peptide hydrophobicity led to an increased liposome leakage 
as well as an increased bactericidal effect, but also to increased hemolytic activity (124). 
Thus, peptide charge should be sufficiently high and hydrophobicity sufficiently low to 
retain a selective antibacterial effect (124). 

a-Helical peptides: 2. Cecropins. Cecropins are cc-helical peptides initially identified in 
the hemolymph of the Cecropia moth, and have also been found in other insects (13). 
Although cidal for both Gram-positive and Gram-negative bacteria, they are more active 
against the latter (39,89). A mammalian cecropin, cecropin P, has been isolated from 
porcine intestine (66). 

Insect cecropins consist of two helical segments, separated by a ß-tum hinge (4). 
The N-terminal segment has an amphipathic character, while the C-terminal segment is 
more hydrophobic. Cecropin P maintains a more rigid structure since is does not contain the 
hinge (38,114). 

Cecropins, like magainins, can form voltage-dependent ion channels in planar 
bilayers (21). The postively charged residues near the N-terminus are thought to initiate 
contact with lipid, while the hydrophobic C-terminal helix is assumed to insert into the 
membrane. Dissipation of the electrochemical membrane potential was proposed to be the 
main physiological effect, since the peptide with the most efficient depolarizing ability also 
had the most potent bactericidal activity (21). In addition to depolarizing the membrane, 
cecropins can also induce formation of larger pores as evidenced by the release of 
fluorescent probes (113,118) and even the large marker ß-galactosidase from vesicles 
(113). Pore formation appears to be dependent on peptide concentration and only occurs at 
high peptide/lipid ratios (113). At lower ratios, only membrane depolarization occurs, and 
since cecropins kill bacteria at this lower concentration, the bactericidal effect is most likely 
due to this membrane dissipation (113). 

Initial interaction between cecropin and lipid bilayers results in the deposition of 
peptide in monomelic form on the vesicle surface (37). A barrel-stave-like insertion as 
proposed for alamethicin is unlikely, judged from the relatively large number of peptides 
per monomer (>100) that are needed to cause initial ion leakage (37). Instead, peptides are 
thought to diffuse to the target cytoplasmic membrane, since no peptide aggregation 
occured in the outer membrane (37). Cecropin P is thought to act by a similar mechanism, 
since in PE/PG lipid bilayers peptide is mainly found oriented parallel to the surface in a 
monolayer without formation of stable pores (38). Killing would be achieved by the 
disintegration of lipid packing and by formation of transient pores (36). 
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Figure 1. Two models of pore formation in lipid bilayers by antimicrobial peptides. Bilayers are 
drawn schematically as 3-dimensional boxes. In the model for alamethicin (panel A), peptides form 
stable transmembrane pores causing membrane leakage (indicated by arrows). In the model for 
magainin, monomeric peptides bind to the membrane (stage 1) and form transient pores (stage 2). 
Upon disintegration of the pore, peptides redistribute over the inner and outer leaflet of the bilayer 
(stage 3). Figures A and B are adapted from (31) and (81), respectively 

The need for a balance in charge and hydrophobicity of peptides for pore 
formation in liposomes was shown in a study using two cecropin variants consisting either 
of two amphiphilic or two hydrophobic helices (121). Compared to the hydrophobic 
variant, the amphiphilic variant bound more strongly to membranes composed of acidic 
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lipids, but caused less vesicle leakage. This implies that initial binding of the peptide is 
driven by electrostatic interactions. When these interactions are too strong, peptide 
aggregation or retention of the peptide at the membrane surface will avoid final leakage to 
occur. As evidenced in this study, the critical step in pore formation is based on 
hydrophobic interactions (121). 

Cecropins are unable to bind to erythrocytes and lyse these cells (118). Initially it 
was proposed that this would be caused by the presence of cholesterol in erythrocyte 
membranes. However, incorporation of cholesterol in lipid vesicles did not hamper 
cecropin binding, nor cecropin-induced lysis (113,118). Apparently other factors like sialic 
acid, abundantly present on erythrocytes, are responsible for the protection against 
cecropins. 

CHARACTERISTICS OF SYNTHETIC PEPTIDES INFLUENCING 
MICROBICIDAL ACTIVITY 

From the mechanistic studies detailed above, charge and hydrophobicity of a 
microbicidal peptide have emerged as determinants for its cidal activity. Parameters like 
peptide helicity (in the case of oc-helices), length, and amphipathicity are additional entities 
which may influence peptide microbicidal activity. These parameters have been studied 
using synthetic peptides with two goals: improving microbicidal activity and improving 
target selectivity, i.e. reducing cytotoxicity. In most studies helical peptides have been 
investigated since their properties can predictably be modulated by modification of amino 
acid composition, and because techniques are available to study conformation and 
orientation of these peptides in various environments. For ß-sheeted peptides this is far 
more difficult, but some data are available. 

Helical peptides 

Helicity. A great number of antibacterial peptides with a helical character have been 
identified, suggesting that helicity may be a major determinant for microbicidal activity. 
Indeed, studies in which peptide helicity was disturbed by the replacement of (natural) L-
amino acids by their D-enantiomers, while preserving other parameters, showed decreased 
bilayer-disturbing potency of these peptides (24). In other studies, the helical character of 
peptides appeared only of limited importance: diastereomers consisting of D- and L-lysines 
and leucines without a-helical character were found to have full antibacterial activity (92), 
while stabilization of an oc-helix as such not necessarily improved such activity (53). 
Furthermore, the design of optimally helical amphipathic helices may be countereffective, 
since these peptides are highly hemolytic (19). Although helical conformations are 
abundantly present in antimicrobial peptides, other properties, most prominently the ability 
to accomplish electrostatic and hydrophobic interactions with the target membrane, may be 
of more importance for their biological activity (24,97). 
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Length. Helical peptides generally vary in length from 16 to 35 amino acids. Assuming 
that pore formation in a membrane is a requirement of microbicidal activity, a peptide of 
approximately 20 residues would be required. Indeed, in a series of amphipathic helices 
varying from 16 to 24 residues, only the longest one could form a stable conducting pore 
(1). The shorter peptides only produced occasional membrane currents, and were not 
bactericidal (1). In another study of model peptides consisting of lysines and leucines, 
peptides of 14-15 residues had the most potent microbicidal activity (12). Longer peptides 
were not only less active, but also had higher hemolytic activity (12). As is apparent from 
these contradictory results, and as underlined in yet another study (92), peptide length does 
not seem to be decisive for microbicidal activity, or at least effects of variation in length are 
overruled by other peptide characteristics. 

Charge. In numerous studies the influence of charge on microbicidal and membranolytic 
activity has been demonstrated. Initial peptide-lipid contact has especially been shown to be 
mediated by electrostatic interactions, which are stronger at high peptide charge. 
Introduction of additional lysines in leucine/lysine model peptides resulted in increased 
bactericidal activity (2) showing that peptide charge should be sufficiently high in order to 
obtain optimal bactericidal activity. Increase of charge generally leads to decreased 
hemolytic activity (12,92). However, when the peptide is very cationic, permeation of even 
only weakly anionic liposomes is reduced, and antibacterial activity is also low (92). This is 
probably due to retention of the peptide on the outside of the (bacterial) membrane. 
Lowering peptide charge resulted in a more potent antibacterial activity (92). In summary, a 
charge optimum exists for peptide microbicidal activity. 

Hydrophobicity and amphipathicity. Two closely linked properties readily recognized as 
major determinants for effective bactericidal activity are hydrophobicity, and the 
distribution of hydrophobic regions over the peptide, designated as the hydrophobic 
moment or amphipathicity (67). Amphipathicity is defined as the degree of segregation of 
polar and non-polar residues along the axis of the a-helix to either of the faces of the helix, 
and is an important property for peptide interaction with lipids in general (107). 
Amphipathicity not only determines antibacterial but also hemolytic activity. Therefore, the 
impact of changes in amphipathicity on these activities could provide insight for the design 
of peptides with selective antibacterial activity. 

Hemolytic (11) and antibacterial activity (24,67,126) of peptides both depend on 
hydrophobic properties, although in different ways. Hydrophobicity of melittin-derived (11) 
as well as model peptides (12)was directly related to hemolytic activity, while an inverse 
correlation was found for antibacterial activity. Large numbers of contiguous hydrophobic 
residues appear to enhance hemolytic activity, and thus need to be avoided in selective 
bactericidal peptides (12). 

In a liposome model system, the degree of membrane permeation not only depends 
on peptide hydrophobicity, but also on membrane composition. Vesicles composed of 
strongly negatively charged phospholipids are more effectively lysed by peptides with 
increased overall hydrophobicity (121), despite the lower level of binding of these peptide 
to the membrane. In other words, in this example a larger fraction of the bound peptides is 
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actively involved in causing membrane leakage than in the case of a membrane composed 
of weakly anionic lipids (24). Peptides with increased hydrophobic moment caused 
enhanced leakage from vesicles composed of zwitterionic lipids, and had increased 
antibacterial as well as hemolytic activity, and thus a decreased membrane selectivity (126). 
On vesicles with anionic lipids, which are considered to mimic microbial membranes, 
increased peptide hydrophobic moment did not alter permeabilizing activity (126). 

The hydrophobic moment of an oc-helix can be expressed as the angle formed by 
the hydrophobic residues in an a-helix when looking along the helix axis. In a series of 
model peptides varying in hydrophobic angles, peptides with angles >180° had 
considerable hemolytic activity, while reducing the angle also reduced hemolysis (59). 
However, none of the synthesized peptides had any antibacterial effect at 100 ul/ml (59). In 
another study, the angle formed by the positive charged residues was varied, keeping other 
properties (hydrophobicity and hydrophobic moment) constant (125). A large angle (140-
180°) increased the permeation of zwitterionic as well as weakly anionic vesicles, and 
increased antibacterial as well as hemolytic activity. Lower angles reduced all these 
activities. 

Taken these studies on helical peptides together, peptides have highest 
antimicrobial activity at high hydrophobicity, high hydrophobic moment and a high angle 
formed by the positive charge (25). Overall peptide charge needs to be sufficiently high, but 
not higher than an optimum, while peptide length is of minor importance. However, to 
obtain a peptide selectively active against microorganisms and not lysing erythrocytes, 
moderate hydrophobicity, reduced hydrophobic moment and a small angle of the positive 
charge, in combination with a moderate overall positive charge may be favored (25). In a 
multiple regression analysis studying the individual contribution of oc-helicity, mean 
hydrophobicity, and mean hydrophobic moment (amphipathicity), the latter was identified 
as the major contributor to antibacterial activity against E. coli (97). 

ß-Sheeted peptides 

Bactericidal peptides with ß-sheeted structures have been investigated less 
systematically than their a-helical counterparts. Although ß-sheeted structures can be 
designed and synthesized (94), the requirement of cysteines and the need of a folding step 
to induce disulfide bridge formation is a major drawback. Therefore, no data are available 
e.g. on systematically modified defensins to discern influence of alterations in charge or 
hydrophobicity as described for helical peptides in the previous section. However, some 
studies have been done on smaller, less complicated ß-pleated peptides. 

Gramicidin S is a cyclic, 10-residue ß-pleated peptide with hemolytic activity and 
with antibacterial activity against Gram-positive bacteria. When peptide length and positive 
charge were increased in order to form peptides with pronounced amphipathic properties, 
activity was extended to Gram-negative bacteria and hemolytic activity was lost (3). This 
suggests that, like for helical peptides, appropriate hydrophobicity and proper orientation of 
hydrophylic and hydrophobic groups determine antibacterial activity and membrane 
selectivity (3). 
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In another study, replacement by D-amino acids in an a-helical peptide led to loss 
of helical character and the induction of a (linear) ß-sheet structure (93). These 
diastereomers disrupted anionic and zwitterionic bilayers and were bactericidal, but had lost 
the hemolytic activity of the parent peptide (93). In a more general approach, the presence 
of a hydrophobic face of both amphipathic a-helical and ß-sheeted peptides controlled 
interactions with hydrophobic surfaces, indicating that these physical parameters were more 
important than secondary structure (116). 

RATIONAL DESIGN OF MICROBICIDAL PEPTIDES 

Having identified the major determinants for microbicidal activity, ideally peptides 
could be designed and synthesized with optimized microbicidal activity. Several strategies 
are employed to achieve this goal, varying from modification of natural peptides to de novo 
design of synthetic peptides. Taking into consideration general guidelines as deduced from 
mechanistic studies described above, several attempts have been done to develop such 
peptides. 

Zhong et al (134) performed a database search for amphipathic structures in 
proteins as a selection criterion for the design of antimicrobial peptides. These amphipathic 
regions were synthesized as peptides after adaptation of cationicity and amphiphilicity to 
the putative needs of a peptide antibiotic, i.e. low hydrophobicity and high hydrophobic 
moment. Unfortunately, antimicrobial activities of these peptides was very low (134). Tossi 
et al (119) were more successful by extracting the most common features from over 80 
antimicrobial peptides. They synthesized a number of a-helical peptides, 18 to 22 residues 
in length, intermediate in positive charge, balanced in hydrophobic and hydrophilic sectors 
and with high amphipathicity. MIC values for a number of Gram positive and Gram 
negative bacteria ranged from 1 to 8 uM, which is in the range of activity of several natural 
peptides (119). 

A number of hybrid peptides consisting of the amphipathic part of cecropin and 
the hydrophobic part of melittin (CEME) have received considerable attention (17). The 
most active hybrid was 26 residues in length, was 100-fold more active against S. aureus 
than cecropin A (2 vs. >200 uM) and had only limited hemolytic activity (17). This hybrid 
could be further downsized to 15 residues without loss of activity (5). 

The observation that a-helical nature of peptides is not required for their 
antibacterial activity, while it is needed for hemolytic activity, was exploited by a number 
of researchers synthesizing D-enantiomers based on helical peptides characterized 
previously (9,61,110,120,127). Such L/D or all-D enantiomers have the additional 
advantage that they are more resistant to proteolytic cleavage and thus presumably have a 
longer half-life (9,86). By modulating charge and hydrophobicity of L/D enantiomers, 
synthetic peptides could be constructed with selective and potent antibacterial activity (92). 

Thus, based on general rules derived from studies in which peptide properties are 
systematically modified, it is possible to design antimicrobial peptides with potential for 
clinical application, but the number of publications reporting successful rational design of 
such peptides is still limited at present 
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FUTURE DEVELOPMENT OF MICROBICIDAL PEPTIDES: 
IMPACT OF THE MODEL SYSTEM 

Research aiming to elucidate the microbicidal mechanism of peptide antibiotics 
has profited from the use of liposomes as a model system. Liposomes have allowed the 
identification of many peptide as well as membrane characteristics crucial for microbicidal 
activity. However, several examples exist of discrepancies between the effects of peptides 
on liposomes and on microorganisms. For instance, linearization of defensins led to the loss 
of antibacterial activity (109), but still caused membrane leakage of liposomes (32,128). 
Cecropins could dissipate membrane potential in membranes, and induce pore formation. It 
remains unclear, however, which of these two mechanisms causes the microbicidal effect. 
Similarly, antimicrobial peptides of various sources caused dissipation of membrane 
potential in vesicles, but failed to do so on cytoplasmic membranes of E. coli at MIC 
concentrations (129). Other peptides fully dissipated E. coli membrane potential at 
concentrations below MIC (129). From these results two things may be concluded. First, 
effects of peptides on liposome membranes may not always be representative for effects on 
bacterial membranes, and thus the results obtained with liposomes as a model system 
should be interpreted carefully. Second, the cytoplasmic membrane may not be the target 
for (several) microbicidal peptides at all (129). As proposed by Matsuzaki (78) peptides 
may be transferred over the membrane and kill bacteria by intracellular processes, for 
instance by inhibition of DNA or protein synthesis (16). 

Liposomes may be an oversimplification as a model system for bacteria also 
because of their limited complexity. For instance, it has been shown repeatedly that 
electrostatic interactions between cationic peptides and negatively charged phospholipids in 
liposomes are crucial for ultimate membrane leakage. In Gram negative bacteria, however, 
it has been estimated that 90% of the outer surface negative charge arises from LPS (100), 
which is absent in the liposomes used. Based on our own observations, the contribution of 
negatively charged phospholipids of the inner membrane of bacteria in the entrapment of 
cationic peptides is questionable. E. coli HDL11, a strain with inducible synthesis of 
negatively charged phospholipids (63), was found to be equally susceptible to recombinant 
platelet fnrombocidins in presence or absence of negatively charged phospholipids 
(unpublished results). 

LPS has been shown to interact with antibacterial peptides indeed, and it has been 
implicated that LPS plays a role in bacterial susceptibility for peptide antibiotics. For 
instance, magainin 2 binds to and disorders fatty acyl chains of Salmonella LPS (100,101), 
and a good correlation was found between the susceptibility for magainin and the sugar 
chain length in LPS of this organism (100). 

Besides the considerations concerning the elucidation of the exact mechanism of 
peptide antibiotics, more clinically relevant observations would argue against the use of 
liposomes in the development of designer peptides. In recent studies modifications in LPS 
of several bacteria, including Salmonella spp, were found to be associated with (intrinsic) 
resistance for peptide antibiotics (41). In Salmonella, this resistance is induced upon 
invasion of macrophages, and is most likely needed to withstand activity of the abundantly 
present intracellular antimicrobial peptides (29,42). The induced resistance was caused by 
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substitutions of phosphate groups (L-4-aminoarabinose or ethanolamine) or derivatization 
of acyl chains (palmitate or 2-hydroxymyristate) in the lipid A moiety of LPS. This 
adaptive response was orchestrated by the PhoP-PhoQ and PmrA-PmrB two-component 
regulatory systems (43-45). Although studied most extensively in Salmonellae, 
aminoarabinose and/or ethanolamine substitutions have been found in other species 
resistant to antimicrobial peptides, including Proteus (112), Klebsiella (50) and Escherichia 
(91). In E. coli, lipid A-derivatization by palmitate, L-4-aminoarabinose and ethanolamine 
was induced by NH4V03 (57), while acylation with palmitate was induced by cold-shock 
(18). It has not been investigated whether these substitutions confer resistance to peptide 
antibiotics, but this is to be expected. Thus, enzymatic pathways exist in several Gram 
negative bacteria capable of inducing resistance to antibacterial peptides. This poses serious 
concerns regarding the possible development of resistance in other bacteria. Gram positive 
bacteria do not possess LPS, but it has been shown that Staphylococcus aureus sensitivity 
to cationic antibacterial peptides was associated with the presence of negatively charged 
cell wall components (98). 

These data indicate that LPS (or a negative surface charge in general) is an 
important component mediating susceptibility to antimicrobial peptides. Electrostatic 
interactions between LPS and peptide may be of decisive importance for ultimate 
microbicidal activity, as suggested in a recent study of synthetic model peptides. A 
correlation was found between LPS binding and antimicrobial activity, while no correlation 
was found between peptide antimicrobial activity and peptide charge, length or 
hydrophobicity (106). 

Thus, the development of effective microbicidal agents calls for a model system in 
which LPS is included, like liposomes with incorporated LPS (84), hybrid vesicles 
containing defined phospholipids combined with cell membrane components isolated from 
bacteria, or entire bacteria. LPS-containing liposomes would be the easier model system, 
but the latter two systems will provide more direct biological relevance. The use of defined 
mutants in LPS, cell wall or membrane composition or of (isogenic) strains differing in 
membrane potential (62) could shed more light on the cidal mechanism of antimicrobial 
peptides and aid in the development of clinically applicable microbicidal peptides. 

CONCLUSION 

Antimicrobial peptides have received considerable interest in studies on the nature 
of innate immunity. The increase in microbial resistance for conventional antibiotics has 
further stimulated the interest in these compounds (115). It is well imaginable that the role 
of conventional antibiotics in antiinfective treatment will decrease, and thus alternatives 
need to be sought. Since peptide antibiotics are abundantly present in nature and have been 
successful for millions of years, they potentially provide an attractive source of alternative 
antimicrobial agents. Although the exact mechanism of action has not been elucidated yet, 
the insight in requirements for peptide microbicidal activity is growing. As a result of past 
and current research efforts, several antimicrobial peptides are currently being evaluated in 
various clinical trials (46-48). Further detailed studies on structure-function relationships of 
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(designer) peptides, using model systems representative for the actual microbial target, 
should allow the design of increasing numbers of aiding in the combat against microbial 
infections. 
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Antimicrobial proteins in humans 
The existence of cationic antimicrobial proteins in serum has been known since the 

end of the 19th century, and soon after their discovery it became clear that these 
'substances' originated from granulocytes (62). It then took over 50 years before the notion 
emerged that the cytoplasmic granules of these cells were the source of antimicrobial 
proteins, and that degranulation resulted in their release in the extracellular environment 
(34,78). The first chemically characterized proteins were those from rabbit PMNs, which 
appeared to be rich in arginine accounting for their cationic nature, and cysteine (79). 
Studies in later years have identified and characterized several antimicrobial peptides from 
these cells, including bactericidal and permeability increasing protein (BPI) (72) and 
defensins (58). 

PMNs have proven a rich source of antimicrobial peptides in many organisms 
(44,45), including humans (25,43,59) providing these cells with an efficient means to kill 
engulfed bacteria (59). This has often been regarded as a specialized system of these cells. 
However, in humans alone numerous antimicrobial proteins have been isolated and 
characterized from multiple sources, including T cells (63), bronchoalveolar lavage (55), 
plasma (10), wound fluid (24) and various organs (80). Furthermore, over the past few 
years a range of antimicrobial proteins have been found in epithelial tissue of airways 
(6,20,26,61), urogenital tissue (68), skin (32), and intestine (36,37,48). These findings 
suggest that host defense by means of antimicrobial proteins might be more general than 
was assumed initially. 

The sites of expression of antimicrobial peptides mentioned above are all locations 
possibly subject to microbial encounter (body fluids, mucosal surfaces). However, only 
limited data are available indicating that these proteins are actually functional in situ. For 
instance, expression of some antimicrobial proteins is induced upon contact with LPS or 
bacteria (32,56,64). In addition, defensin activity in lungs of cystic fibrosis patients most 
likely is impaired due to the increased concentration of salt. This might account for the 
frequent infections encountered in these patients (7,26,39). 

Microbicidal proteins in human platelets: thrombocidins 
The presence of antimicrobial proteins in rabbit blood platelets has been 

implicated for almost thirty years (22,73). We have shown (chapter 3) that human platelets 
contain at least ten antimicrobial peptides, which we named thrombocidins (TCs). Rabbits 
vaccinated with crude TCs were more susceptible for development of viridans streptococcal 
IE than non-vaccinated animals. When challenged with streptococci resistant to TCs, 
development of IE was equally frequent in vaccinated and non-vaccinated rabbits (chapter 
2). These results implicate a protective role for TCs in the development of IE due to TC-
susceptible streptococci. Furthermore, since the level of resistance of viridans streptococci 
isolated from blood of IE-patients was higher than of isolates from bacteremic patients 
without IE, we concluded that bacterial resistance to TCs can be considered a virulence 
factor for IE-causing organisms. Similar results have been obtained with rabbit platelet 
microbicidal proteins (PMPs) in studies showing that S. aureus (19)and C. albicans (77) 
resistant to PMPs produced more severe IE than PMP-susceptible microorganisms. 
Conversely, bacteremic isolates from IE patients had higher levels of resistance for PMP 
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than isolates from non-IE patients (8,76). TCs might also come into play in a much more 
frequently occuring condition in which platelet activation is involved, that of hemostasis at 
sites of lesions. Release of antimicrobial substances at sites of injury could be very 
beneficial in the prevention of wound infections. 

The elucidation of the structure of TCs revealed their descent from CXC-
chemokines. Although microbicidal activity may be a novel trait in this class of proteins 
(see below), the structural building blocks of TCs are not uncommon to antimicrobial 
proteins. N-terminally, TCs consist of three antiparallel ß-sheets stabilized by 
intramolecular disulfide bridges, and the C-terminal part is an a-helix. Classification of 
antimicrobial peptides has been based on secondary structures, and two important groups 
are the a-helical (magainins, cecropins) and ß-sheeted, disulfide-stabilized pepetides 
(defensins, protegrins) (30). Thus, structurally TCs are novel among the antimicrobial 
peptides in that they have combined a-helical and ß-sheeted parts in one molecule. This has 
been investigated by synthesizing pentadecameric overlapping peptides covering the entire 
length of TCs, and testing these for microbicidal activity (chapter 4). We identified 
functional domains in both the ß-sheeted and the a-helical parts of TCs indicating that 
these elements could indeed participate in microbicidal activity. Furthermore, replacement 
of positively charged residues by (neutral) leucine in the peptide derived from the ß-sheeted 
domain decreased microbicidal activity, while replacement of neutral residues by 
(positively charged) lysine increased this activity (chapter 4). This suggests that basic 
residues play a crucial role in the microbicidal activity of TCs. 

Chemokines with microbicidal activity 
Thrombocidins 1 and 2 are derived from neutrophil activating peptide-2 (NAP-2) 

and connective tissue activating peptide-III (CTAP-III), respectively, by a C-terminal 
truncation of two residues (chapter 2). NAP-2 and CTAP-III belong to the family of the 
chemokines, and more specifically to the CXC-chemokines according to the spacing of the 
two C-terminal cysteines, which are separated by one residues. Other classes are the CC-
and CXXC chemokines, although the latter consists of only one member (5). Traditionally, 
chemokines have been considered to be leukocyte atrractants and activators, CXC-
chemokines being more or less specific for neutrophils, and CC-chemokines for monocytes 
(1,4,53). Chemokine activity (and specificity) is mediated by G-protein-coupled chemokine 
receptors. However, many of the chemokines recognize more than one receptor, and each 
receptor can be activated by several chemokines (2,18). With the ever-increasing number of 
chemokines identified, the net response of a cell exposed to several chemokines at a time is 
hard to predict, but it has become clear that chemokines play an important role in the 
recruitment of and communication between inflammatory cells (4,9,53). 

Within the large number of chemokines known to date also additional biological 
functions for these proteins are being uncovered. Angiogenesis was among the first 
processes noted to be regulated by chemokines. CXC-chemokines containing a conserved 
ELR-triad were potent angiogenic factors, while those without this sequence were 
angiostatic (16,38,65). This activity has been shown to influence the course of tumor 
formation (3,49). Furthermore, chemokines direct vascular (66,81) and neuronal 
development (47,81). Chemokine receptors have been shown to act as coreceptor for HIV 
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cell-entry (11,21), a discovery which has boosted the research on chemokines. The 
identification of CXC-chemokine derivatives TC-1 and TC-2 with microbicidal activity has 
not only added two new members to the chemokine family, their biological activity is novel 
for this class of protein. 

Microbicidal proteins with chemokine activity 
TCs have microbicidal activity, but also have chemotactic activity for neutrophils 

(chapter 5). This activity may be a concern for possible clinical application of such 
compounds as antiinfective agents, but it can be questioned whether this activity 
distinguishes them from other antimicrobial proteins. For instance, human defensins are 
chemoattractants for monocytes (67) and are mitogenic for epithelial cells and fibroblasts at 
concentrations at which they also have microbicidal activity (51). Another neutrophil 
microbicidal peptide, PR-39, was a chemoartractant for neutrophils (35). 

Combined antibacterial and chemoartractant activities in one molecule may 
effectuate elimination of invading microorganisms both by direct killing and by enhancing 
phagocytosis by recruited cells. It may even be questioned which activity, microbicidal or 
chemoartractant, prevails in vivo, since in a mouse infection model a causative relationship 
was implied between the presence of neutrophil defensin HNP-1 (present in concentrations 
well below its MIC), the accumulation of leukocytes, and a decrease in severity of the 
infection (74). 

Platelets as inflammatory cells 
The close collaboration between cellular and acellular host defense systems can be 

exemplified by a number of events involving platelets and thrombocidins, which also will 
make clear that platelets are truly inflammatory cells. 
As has been discussed earlier, platelets become activated when they contact bacteria or 
subendothelial matrix molecules. Degranulation is an important event in the activation 
process, leading not only to release of the granule content but also to exposure of 
previously buried glycoprotein receptors on the cell surface. One of these receptors is P-
selectin (GMP-140, PADGEM, CD62), in resting platelets an integral oc-granular 
membrane protein, which is redistributed to the cellular membrane upon degranulation 
(28,42). P-selectin is also stored in Weibel-Palade bodies of endothelial cells, and is 
exposed after activation. Neutrophils can bind to P-selectin (42), either from platelet or 
endothelial origin (23), and subsequently are activated (28). This is followed by the release 
of several hydrolytic enzymes from neutrophil azurophylic granules. One of these proteins 
is cathepsin G, which can activate platelets (46) probably through a specific receptor (57), 
and is one of the proteolytic enzymes responsible for the proteolytic cleavage of platelet-
excreted CTAP-III, generating NAP-2 (12,14). In addition, P-selectin can bind monocytes 
triggering these cells to secrete chemokines (75) and proteases with cathepsin G-like 
specificity also generating NAP-2 from CTAP-III (13,70). NAP-2 can attract more 
neutrophils, partly by increasing vascular permeability (69), and further activates these cells 
(71). 
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Figure 1. Interactions between platelets, PMN, monocytes and endothelium. By the excretion of 
several proteases and other proteins these cell types mutually activate each other. Proteolytic cleavage 
of excreted products leads to the formation of additional cell activators (NAP-2) or of microbicidal 
proteins (TCs). Further details are given in the text. Gran, granules; TC, thrombocidin; CTAP-III, 
connective tissue activating peptide-III; NAP-2, neutrophil activating peptide-2; CatG, cathepsin G; 
IL-8, interleukin 8; PSGL-1, P-selectin ligand; CXCR1/2, CXC-chemokine receptor 1 or 2. Solid 
arrows denote excretion pathways or proteolytic cleavages, dotted lines denote cell activation 
processes. 

These events show that platelets, neutrophils and monocytes mutually activate 

each other in order to propagate the inflammatory reaction. In this process TCs will be 

excreted from platelets and add to the antiinfective potential of locally released 

antimicrobial proteins. Furthermore, it could well be possible that the combined release of 

CTAP-III from platelets, and the variety of proteases from their lysozomal granules and 

from other cell types will lead to the local generation of TCs. Given the considerable 

amount of CTAP-III present in platelets, the potentially available TCs could contribute 

substantially to antimicrobial host defense at sites of platelet activation. 
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Application of microbicidal peptides in antiinfective therapy 
During the last decade, the emergence of multiple-drug resistant bacteria has 

increased dramatically (15,17,50). Therefore, the need to search for alternive antibiotics is 
widely accepted. Microbicidal peptides may provide an attractive source of such 
compounds, and therefore their designation as 'peptide antibiotics' seems appropriate. 

The possible applicability of peptide antibiotics is favored by mainly three 
arguments, which are closely linked. First, their mode of action is different from 
conventional antibiotics. Most peptides act by disturbing membrane integrity, thereby 
killing the target microorganism. Second, many peptide antibiotics have a broad spectrum 
activity, which is assumed to be due to the fact that their cidal mechansim does not involve 
specific receptors. Finally, induction of microbial resistance is generally low, again 
resulting from their property to affect membrane integrity against which no defense would 
be readily available. 

In chapter 7 a review was presented on the current status in the development of 
peptide antibiotics. At present, several peptides have been synthesized which have been 
derived from naturally occurring peptides. In many cases modification of natural peptides 
was needed either to improve microbicidal activity or to decrease cytotoxicity and thus 
increase selectivity for microorganisms. Systemic application of such peptides may not be 
feasible yet, but topical use is being investigated in several clinical trials (29,31). 

One form of topical application of peptide antibiotics is their delivery from 
matrices implanted at sites where infection can occur. The work presented in this thesis was 
performed in collaboration with the Department of Biomedical Technology at Twente 
University, Enschede, The Netherlands, aimed to develop a biodegradable matrix 
containing TCs integrated in prosthetic heart valves. Upon implantation of such devices, 
controlled release of TC would eliminate circulating bacteria locally, thereby preventing 
bacterial attachment to the implant and the surrounding endocardium and thus prevent 
prosthetic valve endocarditis (PVE). A gelatin-derived matrix was developed, specifically 
designed to store and release small, cationic proteins (40,41). A peptide potentially 
applicable in this system could be rH-TC (chapters 5 and 6). This derivate of TC-1 has 
broad range microbicidal activity and is more potent than native TC-1 itself (chapter 6). 
Alternatively, microbicidal peptides derived from TCs (chapter 4) could be tested. Another 
recent example of the development of such a release system is the incorporation of 
histatins, salivary fungicidal peptides, in a xanthan matrix for oral antiinfective therapy 
(54). 

Although naturally occuring microbicidal peptides or closely related derivatives 
thereof are the primary source for the development of clinically applicable peptide 
antibiotics, ideally such compounds should be synthesized by rational design. Before this 
can be achieved, the microbicidal mechanism of these peptides should be revealed in detail 
first. In this respect, major progress has been made in recent years by varying peptide 
characterisitics such as charge and hydrophobicity, but rational design has not been proven 
successful yet (chapter 7). 

Another point of concern may be the assumed absence or low level of microbial 
resistance against peptide antibiotics. Several bacterial species are intrinsically resistant to 
cationic bactericidal proteins, including Proteus (60) while resistant Klebsiella and 
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Escherichia strains have been reported as well (33,52). Resistance to peptide antibiotics 
appeared to be due to identical modifications (acylation, incorporation of aminoarabinose 
or ethanolamine) in the lipid A moiety of LPS in each of these species, which also have 
been shown to cause peptide resistance in Salmonella (27). Although the impact of these 
modifications for clinical practice are not fully clear at this moment, the assumed 
difficulties microorganisms might have adapting to the membrane activity of peptide 
antibiotics may still be overcome. Thus, the development of new peptide antibiotics should 
not only include activity testing using standard test strains or liposomes, but should also 
take into consideration the possible increase in resistance due to modifications in LPS. 
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SUMMARY 

One of the major functions of blood platelets is their indispensable role in 
hemostasis. In addition platelets contain several components varying from low molecular 
weight ions to high molecular weight glycoproteins which, once excreted or exposed at the 
cellular surface, mediate various processes in hemostasis and tissue repair. A relatively 
unknown feature of human platelets is the release of antimicrobial peptides after activation. 
This would suggest that platelets are part of the so called innate immune system. In chapter 
1 it is outlined briefly how platelets are activated and what role their antimicrobial peptides 
might play. 

Antimicrobial peptides have been shown to provide an efficient defense in a great 
variety of microorganisms against microbial infections by directly interacting with and 
killing invading organisms. The several hundreds of antimicrobial peptides that have been 
isolated to date share a low molecular weight (2-4 kDa), a cationic nature, and generally 
activity against a broad spectrum of microorganisms. In humans such peptides have initially 
been isolated from neutrophils, but their presence has been demonstrated in increasing 
numbers of other cell types, including blood cells and epithelial cells. We termed 
microbicidal peptides from human blood platelets thrombocidins (TCs). 

The presence of TCs has been demonstrated previously, but then physiological 
relevance, their number, identity, and specific activity are unknown. The aim of this thesis 
was to investigate the antibacterial effect of TCs in an in vivo infection model, to 
chemically characterize these peptides, and to assess their activity against a variety of 
microorganisms. Several of these studies were performed using TCs produced 
recombinantly in Escherichia coli. 

An infectious disease in which platelets play a crucial role is infective endocarditis 
(IE). IE can develop after endocardial damage, resulting in deposition of a thrombus-like 
structure (vegetation) mainly consisting of platelets and fibrin. A normally harmless 
(transient) bacteremia can give rise to colonization of the vegetation, rapid multiplication of 
bacteria, malfunctioning of the affected valve, and heart failure which can be fatal. 
Although platelets are involved in the entrapment of bacteria in the vegetation, the 
concomitant release of antibacterial proteins from these cells at or near the vegetation could 
aid in removal of bacteria, as has been suggested in previous studies. To investigate the role 
of TCs in this process, rabbits were vaccinated with crude preparations of TCs, and the 
incidence of IE was monitored in vaccinated and control animals in an experimental IE 
model, as described in chapter 2. The sera from vaccinated rabbits contained antibodies 
recognizing TCs in a Western blot, and neutralized both human and rabbit platelet-released 
bactericidal activity in vitro. Thus, the bactericidal proteins in human and rabbit platelets 
are antigenically related and are most probably similar in structure. Development of (non
bacterial) endocarditis was induced in vaccinated and control animals, followed by 
challenge with TC-resistant or TC-susceptible viridans streptococci, common causative 
organisms of IE. Vaccinated rabbits appeared to have a higher incidence of IE due to TC-
susceptible strains compared to non-vaccinated animals, while the incidence of IE due to a 
TC-resistant strain was not different in vaccinated and control animals. Apparently, 
antibodies against human TC neutralized rabbit platelet-derived bactericidal activity in 
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vaccinated animals. The finding that viridans streptococcal isolates causing IE were less 
susceptible to TC than viridans streptococcal isolates from non-IE patients suggested that 
TC could aid in the limitation in progression of IE in humans as well . Thus, decreased 
susceptibility to TC seems to be a virulence factor for viridans streptococci to cause IE. 

In chapter 3 it is shown that human platelets contain at least 10 different 
bactericidal proteins as judged from the activity of platelet granular proteins fractionated by 
reversed phase HPLC. Two major proteins (TC-1 and TC-2) were purified to homogeneity 
using cation exchange chromatography and continuous acid urea gel electrophoresis, and 
their structure was determined by N-terminal sequencing and mass-spectrometrical 
analyses. TC-1 and TC-2 appeared to be variants of the CXC-chemokines neutrophil 
activating peptide-2 (NAP-2) and connective tissue activating peptide-III (CTAP-III), 
respectively, differing from these peptides by a C-terminal truncation of two amino acids. 
CTAP-III is a platelet-specific peptide with fibroblast mitogenic activity and thought to be 
involved in wound healing. NAP-2 is an N-terminal cleavage product of CTAP-III 
generated extracellularly by neutrophil-derived proteases, and is a potent neutrophil 
attractant and activator. These chemokines are characterized structurally by 4 conserved 
cysteines, of which the 2 located most N-terminally are separated by one residue, and 
generally by an a-helical conformation of the C-terminus. Although the differences 
between these chemokines and TCs are only small, NAP-2 and CTAP-III were not 
microbicidal, while TC-1 and TC-2 rapidly killed Bacillus subtilis, E. coli, Staphylococcus 
aureus, Lactococcus lactis, and the fungus Cryptococcus neoformans. The mechanism of 
several bactericidal peptides has been implicated to be the dissipation of membrane 
potential and/or pore formation in the bacterial membrane, but no such effect was observed 
in Lactococcus lactis exposed to either TC, suggesting that TCs act by a different 
mechanism. 

Since structural differences between peptides with (TC-1 and TC-2) and without 
bactericidal activity (NAP-2 and CTAP-III) comprised only two residues in the C-terminal 
tail, structure-function studies were performed to identify domains in TCs responsible for 
their activity (chapter 4). Mapping of these regions was done using synthetic peptides, 
each 15 residues in length and overlapping each other by 10 residues, covering the entire 
sequence of CTAP-III. Only 2 of these peptides had microbicidal activity, and comprised 
regions around the N-terminally located CXC-motif and near (but not at) the C-terminus of 
CTAP-III/NAP-2. Fine-mapping of these 2 regions was done using peptides which were 
shifted by only 1 residue. The most active peptide in the N-terminal region (peptide LI8) 
had minimal bactericidal concentrations (MBCs) varying from 1.9 uM for C. neoformans to 
30 uM for S. aureus, while the MBCs of the C-terminal peptides never were below 30 uM, 
and were above 120 uM in the majority of cases. Apparently, the most active microbicidal 
domain in TCs is in the N-terminal part, while the C-terminal tail most likely is not 
involved in direct microbial killing. The role of the C-terminus in TCs could lie in an 
improved interaction with the target membrane due to the removal of an acidic residue in 
these molecules compared to NAP-2 and CTAP-III. In chapter 4 it was also shown that 
LI8, the peptide representing the most active microbicidal domain, could be used as a lead 
compound for the development clinically applicable peptides with optimal activity, since 
LI8 substituted at one position by lysine had increased microbicidal activity, even 
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exceeding that of natural TCs, and in addition had decreased hemolytic activity compared 
toL18. 

The recombinant production of TCs in E. coli is described in chapter 5. 
Recombinant TCs were indistinguishable in structure from natural TCs in several analyses, 
but had slightly less micribicidal activity. Bactericidal activity of native and recombinant 
TC-1 was independent of peptide folding, while unfolded TC-2 was inactive. A variant of 
TC-1 C-terminally truncated by 5 residues retained bactericidal activity, showing that this 
activity is not critically dependent of the length of the C-terminal helix. rH-TC, a variant of 
TC-1 with a N-terminal tag consisting of 10 histidines, had enhanced microbicidal activity, 
and evidence was given that this was caused by these histidines by showing that peptides 
consisting of histidines alone also had microbicidal activity. Because of the potent activity 
of rH-TC, the activity and mechanism of action of this peptide was studied further (chapter 
6). rH-TC was bactericidal for a large number of clinical isolates of Gram positive as well 
as Gram negative bacteria, and was fungicidal for C. neoformans with MBCs ranging from 
0.5 to 2 uM. Activity of rH-TC against E. coli and Staphylococcus epidermidis was 
independent of environmental pH, and susceptibility of these organisms was independent of 
metabolic activity, was moderately dependent of the presence of a membrane potential and 
was severely decreased at low temperature. The latter observation could indicate that 
membrane fluidity would be involved in effective bacterial killing. An E. coli strain 
deficient in the synthesis of anionic phospholipids in the cytoplasmic membrane was as 
susceptible as wild type bacteria, indicating that activity of rH-TC is independent of the 
presence of these phospholipids. In contrast to natural TCs, rH-TC had no neutrophil 
chemotactic activity. 

Peptides such as rH-TC offer attractive characteristics for further development 
towards a clinically applicable antiinfective compound. There is great interest in such 
therapeutics, especially since bacterial isolates are increasingly being found to have 
decreased susceptibility for or even be resistant against commonly used antibiotics. 
Antibacterial peptides in general offer an attractive source of such compounds, mainly 
because of their broad range activity and the low frequency of resistance that has been 
encountered so far. Several of such compounds are currently investigated in clinical trials 
with promising results in some cases. Most peptides suggested for clinical use are natural 
peptides, or have been modified to optimize activity. Although some peptide characteristics 
are known to be important for bactericidal activity, no systematic guidelines are available 
for the rational design of peptide antibiotics. In chapter 7 an overview of recent literature is 
given aiming to provide insight into the determinants of the most extensively studied 
peptide antibiotics for their bactericidal activity, as well as of some synthetic peptides. 
From such studies general concepts can be deduced which can be useful for the design of 
peptide antibiotics. Furthermore, the applicability of liposomes as model systems to test 
peptide membrane activity is discussed. Liposomes have allowed the (partial) elucidation of 
the mechanism of action of several peptides, but in most cases they do not cotain LPS, an 
important membrane constituent of Gram-negative bacteria, and they are inert. The latter 
may be a concern since in some cases the versatility of microbial membranes has been 
demonstrated to result in resistance of the organism to peptide antibiotics. 
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In chapter 8 it is discussed how platelets are an integrative part of the host 
immune system. This is exemplified by the ability of platelets and leukocytes to mutually 
activate each other. This causes the excretion of inflammatory mediators from all cells 
involved, and of TCs from platelets. It is likely that that TCs contribute to an antiinfective 
effect in this environment, and it is argued that this effect could even be enhanced by the 
local production of TCs generated from platelet-excreted CTAP-III through the action of 
various proteases released by both platelets and leukocytes. 
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Een van oudsher bekende rol van bloedplaatjes is die in de bloedstolling. Plaatjes 
bevatten daarvoor een arsenaal aan stoffen, variërend van ionen tot glycoproteines van hoog 
moleculair gewicht, die meestal opgeslagen liggen in intracellulaire compartimenten 
(granules) en die uitgescheiden worden bij activatie van plaatjes. Plaatjes bevatten echter 
ook componenten die zijn betrokken bij vele andere processen dan bloedstolling, en vele 
hiervan hebben direct of indirect te maken met de afweer. Een van de produkten die worden 
uitgescheiden, zoals recentelijk aangetoond voor bloedplaatjes van konijnen en de mens, 
zijn eiwitten met antibacteriële activiteit. De aanwezigheid van deze eiwitten zou er op 
kunnen duiden dat plaatjes betrokken zouden kunnen zijn bij de afweer tegen infecties. In 
hoofdstuk 1 wordt een kort overzicht gegeven hoe plaatjes geactiveerd worden, en wat er 
tot nu toe bekend is over de rol van hieruit uitgescheiden antibacteriële eiwitten. 

Antibacteriële eiwitten zijn gevonden in vele celtypen in een groot aantal soorten 
organismen, en vormen een efficiënte eerste-lijn afweer tegen een grote variëteit aan 
microorganismen. De honderden antibacteriële eiwitten die tot nu toe gevonden zijn hebben 
gemeen dat ze klein (meestal 2-4 kDa) en basisch zijn, en dat ze een breed spectrum 
antimicrobiële activiteit hebben. Bij de mens zijn zulke eiwitten aanvankelijk gevonden in 
neutrofiele granulocyten, maar meer recentelijk ook in andere bloedcellen en cellen in 
verschillende epitheliale weefsels. De antibacteriële eiwitten uit humane bloedplaatjes 
hebben we de naam thrombocidines (TCs) gegeven. 

Het feit dat TCs aanwezig zijn in bloedplaatjes is al eerder aangetoond, maar hun 
fysiologische rol, hun aantal, structuur en specifieke activiteit zijn grotendeels onbekend. 
Het doel van dit proefschrift was om deze aspecten te bestuderen. 

Een infectieziekte waarin bloedplaatjes een cruciale rol spelen is infective 
endocarditis (IE, hartklepontsteking). Deze aandoening ontstaat bij beschadiging van het 
endocardium, waardoor een soort stolsel kan ontstaan (vegetatie) dat voornamelijk bestaat 
uit bloedplaatjes en fibrine. Een bacteriëmie die normaal gesproken onschadelijk is, kan 
resulteren in de kolonisatie van de vegetatie in het hart, waarna de bacteriën zich snel 
kunnen vermeerderen. Dit kan resulteren in het slecht functioneren van de aangedane 
hartklep, algeheel hartfalen en zelfs de dood. Bloedplaatjes zijn dus betrokken bij de 
vorming van de vegetatie en het invangen van bacteriën hierin, maar er zijn ook 
aanwijzingen dat de bactericide eiwitten die bij de plaatjesactivatie uitgescheiden worden 
juist zorgen voor verwijdering van bacteriën van de vegetatie. Om de mogelijke rol van 
TCs in dit proces nader te bestuderen hebben we konijnen gevaccineerd met een ruw 
preparaat van TCs, waarna de ontwikkeling van IE werd gevolgd in al dan niet 
gevaccineerde konijnen (hoofdstuk 2). Vaccinatie resulteerde in de vorming van 
antilichamen die gezuiverd TC herkenden, en die de bactericide activiteit uit bloedplaatjes 
van zowel konijnen als de mens in vitro neutralizeerde. Dit wijst er op dat deze eiwitten van 
konijnen en de mens nauw aan elkaar verwant zijn. In gevaccineerde en niet-gevaccineerde 
konijnen werd met een catheter de ontwikkeling van (niet bacteriële) endocarditis 
geïnduceerd, waarna de dieren werden geïnoculeerd met TC-gevoelige of TC-resistente 
viridans Streptococcen. Het bleek dat gevaccineerde konijnen vaker IE ontwikkelden dan 
niet gevaccineerde dieren na inoculatie met TC-gevoelige Streptococcen, maar dat er geen 
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verschil was tussen deze groepen wanneer TC-resistente bacteriën werden toegediend. 
Blijkbaar konden de antilichamen in gevaccineerde konijnen de activiteit ook in vivo 
neutralizeren, waardoor infectie kon voortduren. Dit geeft aan dat in het proefdiermodel 
TCs de ontwikkeling van IE zouden kunnen beperken. Een aanwijzing dat dit in de mens 
ook het geval zou kunnen zijn was de observatie dat viridans Streptococcen die geïsoleerd 
werden uit patiënten met IE minder gevoelig waren voor TCs dan Streptococcen uit 
patiënten zonder IE. Het lijkt er dus op dat verminderde gevoeligheid voor TCs voor 
viridans Streptococcen een virulentie factor is voor de ontwikkeling van IE. 

In hoofdstuk 3 is een inventarisatie gemaakt van TCs in humane bloedplaatjes. 
Het bleek dat er meer dan 10 van zulke eiwitten bestaan. De twee belangrijkste hiervan 
(TC-1 en TC-2) zijn opgezuiverd middels chromatografie en zure ureum gel electrophorese. 
De structuren van TC-1 en TC-2 zijn opgehelderd met behulp van N-terminale sequencing 
en massaspectrometrie. Het bleek dat TC-1 en TC-2 afgeleiden zijn van respectievelijk 
'neutrophil activating peptide-2' (NAP-2) en 'connective tissue activating peptide-III' 
(CTAP-III), die behoren tot de groep van CXC-chemokines. Deze groep eiwitten worden 
structureel gekenmerkt door 4 geconserveerde cysteine residuen, waarvan de eerste twee 
van elkaar gescheiden zijn door één aminozuur. Daarnaast heeft de C-terminus (meestal) 
een a-helicale structuur. Het verschil tussen de TCs en deze chemokines is dat TCs twee 
aminozuren korter zijn aan de C-terminale uiteinden. CTAP-III is een eiwit dat alleen in 
plaatjes voorkomt, en dat betrokken is bij wondgenezing. NAP-2 is een N-terminaal 
verkorte afgeleide van CTAP-III en is een activator van neutrofiele granulocyten. Hoewel 
deze 2 chemokines sterk op TCs lijken, bleken ze geen antimicrobiële activiteit te hebben. 
TCs daarentegen waren effectief tegen de bacteriën Bacillus subtilis, Escherichia coli, 
Staphylococcus aureus, en Lactococcus lactis, en tegen de schimmel Cryptococcus 
neoformans. Voor een aantal bactericide eiwitten is aangetoond dat pore-vorming in de 
bacteriële membraan een cruciale stap is bij het doden van het micro-organisme, maar een 
dergelijk effect werd niet waargenomen na blootstelling van L. lactis aan TCs. 
Klaarblijkelijk verloopt de antimicrobiële activiteit van TCs via een ander mechanisme. 

Omdat de verschillen in structuur tussen de eiwitten met (TCs) en zonder 
bactericide activiteit (NAP-2 en CTAP-III) slechts bestaan uit een lengteverschil van twee 
aminozuren, zijn structuur-functie studies uitgevoerd om domeinen in TCs te identificeren 
die verantwoordelijk zijn voor de bactericide activiteit (hoofdstuk 4). Het in kaart brengen 
van deze domeinen is gedaan middels elkaar in sequentie overlappende synthetische 
peptiden, die identiek waren aan interne sequenties van CTAP-III. Vijftien van zulke 
peptides waren nodig om de totale sequentie van CTAP-III te bestrijken. Het bleek dat 
slechts twee van deze peptiden bactericide activiteit hadden, waarvan de één zich in het 
gebied rond het geconserveerde CXC-motief bevond (N-terminaal gebied), en de ander 
vlak voor het C-terminale uiteinde van CTAP-III. Bij nauwkeuriger analyse van deze 2 
gebieden met peptiden die slechts 1 aminozuur van elkaar verschilden bleek dat het meest 
actieve peptide rond het CXC-motief (peptide LI8) minimale bactericide concentraties 
(MBCs) had die varieerde van 1.9 uM voor C. neoformans tot 30 uM for S. aureus. De 
optimale MBC van peptiden rond het C-terminale domein was 30 uM, maar was meestal 
zelfs hoger dan 120 uM. Blijkbaar bevindt het meest actieve gebied in TCs zich in het N-
terminale deel, terwijl de C-terminale regio waarschijnlijk niet direct betrokken is bij het 
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doden van micro-organismen. De C-terminus van TCs zou wel betrokken kunnen zijn bij 
het leggen van contact met de (negatief geladen) microbiële membraan, een interactie die 
bij NAP-2 en CTAP-III verstoord zou kunnen zijn door de aanwezigheid van een zuur 
(negatief geladen) residue op het C-terminale uiteinde. In hoofdstuk 4 is ook beschreven 
dat de activiteit van peptide LI8 verder geoptimaliseerd kan worden door het vervangen 
van één van de neutrale amiozuren in het peptide door een basisch aminozuur. Peptiden met 
op deze wijze geoptimaliseerde activiteit waren zelfs actiever dan de natuurlijke TCs. 

TCs werden recombinant geproduceerd in E. coli, zoals beschreven in hoofdstuk 
5. Deze rTCs waren structureel identiek aan natuurlijke TCs, maar hadden een wat lagere 
bactericide activiteit. De activiteit van natief en recombinant TC-1 was niet afhankelijk van 
eiwitvouwing, terwijl ontvouwen TC-2 geen antibacteriële activiteit bezat. Een variant van 
TC-1 die C-terminaal 5 aminozuren was ingekort behield zijn bactericide activiteit, wat 
bevestigt dat deze activiteit niet afhangt van een specifieke structuur in het C-terminale 
uiteinde. Een andere variant van van TC-1, rH-TC, werd recombinant geproduceerd met 
een N-terminale sequentie bestaande uit 10 histidine residuen. Dit peptide had een zeer 
sterke bactericide activiteit waar waarschijnlijk de histidines verantwoordelijk voor zijn. 
Synthetische peptiden slechts bestaande uit histidines hadden namelijk ook antibacteriële 
activiteit. De hoge activiteit van rH-TC was aanleiding om dit peptide te testen op een groot 
aantal klinische isolaten (hoofdstuk 6). rH-TC doodde zowel Gram positieve als Gram 
negatieve bacteriën in concentraties tussen 0.5 en 2 uM. De pH van het medium had geen 
invloed op de activiteit tegen E. coli en Staphylococcus epidermidis. De gevoeligheid van 
deze organismen voor rH-TC was onafhankelijk van metabole activiteit, matig afhankelijk 
van de aanwezigheid van een membraan potentiaal, en was sterk gereduceerd bij incubatie 
bij lage temperatuur. Dit laatste zou er op kunnen wijzen dat vloeibaarheid van de 
membraan van invloed zou kunnen zijn op de activiteit van rH-TC. De aanwezigheid van 
negatief geladen fosfolipiden in de binnenmembraan van E. coli lijkt niet noodzakelijk te 
zijn voor killing door rH-TC, omdat een E. coli stam die deze fosfolipiden niet kan 
produceren even gevoelig was als wild type bacteriën. Verder had rH-TC, in tegenstelling 
tot natuurlijke TCs, geen aantrekkende activiteit voor neutrofiele granulocyten. 

Peptiden zoals rH-TC hebben aantrekkelijke eigenschappen voor de verdere 
ontwikkeling tot therapeutisch toepasbare (peptide) antibiotica. De interesse in zulke 
nieuwe middelen is groot, met name omdat verminderde gevoeligheid van veel pathogène 
micro-organismen voor diverse antibiotica steeds vaker voorkomt. Peptide antibiotica 
bieden een mogelijk alternatief, met name door hun breed spectrum activiteit en door het 
weinig optreden van resistentie ontwikkeling. Verschillende peptiden worden op het 
moment dan ook in trials onderzocht op hun toepasbaarheid. Vaak zijn dit natuurlijke 
peptiden, of afgeleiden hiervan met verhoogde activiteit. Het is echter ook mogelijk om 
peptide antibiotica te ontwerpen. Hiervoor is het wel nodig de structuur-functie relatie van 
antimicrobiële peptiden goed te begrijpen. Er zijn inderdaad gemeenschappelijke 
eigenschappen in de verschillende peptiden die cruciaal lijken voor hun activiteit. In 
hoofdstuk 7 wordt een literatuuroverzicht gegeven van deze eigenschappen, en wordt 
ingegaan op de vraag hoe deze kennis gebruikt zou kunnen worden voor het ontwerpen en 
synthetiseren van peptide antibiotica. Verder worden enige overwegingen naar voren 
gebracht hoe de activiteit van peptide antibiotica in de ontwikkelingsfase getest zou moeten 
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worden. Vaak worden hiervoor liposomen gebruikt, waarbij de graad van membraan 
verstoring als een maat wordt beschouwd voor de bactericide activiteit. Dit gaat echter 
voorbij aan de variabiliteit van de membranen bij verschillende micro-organismen, waarvan 
bekend is dat dit zelfs kan leiden tot resistentie van het organisme. 

In hoofdstuk 8 tenslotte wordt uiteengezet hoe bloedplaatjes beschouwd kunnen 
worden als een geïntegreerd onderdeel van het afweersysteem. Hierbij is met name van 
belang dat bloeplaatjes en leukocyten elkaar wederzijds kunnen activeren. Dit leidt tot 
uitscheiding van inflammatoire mediatoren uit beide celtypen, en van TCs uit plaatjes. Het 
is waarschijnlijk dat TCs bijdragen aan een anti-infectieuze omgeving, een effect dat nog 
versterkt zou kunnen worden door de werking van proteases, uitgescheiden door zowel 
plaatjes als leukocyten, op CTAP-III, wat zou kunnen leiden tot de lokale vorming van 
TCs. 
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