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Chapter 4 

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 
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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). 
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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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