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Chapter 6 

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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