UNIVERSITY OF AMSTERDAM
X

UvA-DARE (Digital Academic Repository)

Thrombocidins and honey: mechanisms of action and optimization of
antimicrobial activity

Kwakman, P.H.S.

Publication date
2010

Link to publication

Citation for published version (APA):
Kwakman, P. H. S. (2010). Thrombocidins and honey: mechanisms of action and optimization
of antimicrobial activity. [Thesis, fully internal, Universiteit van Amsterdam].

General rights

It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations

If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, P.O. Box 19185, 1000 GD Amsterdam, The Netherlands.
You will be contacted as soon as possible.

UVA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

Download date:07 Oct 2026


https://handle.uba.uva.nl/personal/pure/en/publications/thrombocidins-and-honey-mechanisms-of-action-and-optimization-of-antimicrobial-activity(7381e0bc-b406-43de-81c2-29a7247acc9b).html

STRUCTURAL ELEMENTS OF THROMBOCIDIN-I ESSENTIAL
FOR ITSANTIMICROBIAL ACTIVITY AND VARIANTS WITH
ENHANCED ACTIVITY

Paulus H.S. Kwakman', Jeroen Krijgsveld? Leonie de Boer', Laura Boszhard', Jocelyne Vreede?,
Henk L. Dekker?, Dave Speijer®, Jan W. Drijfhout®, Anje A. te Velde’, Wim Crielaard®, Christina
M.J.E.Vandenbroucke-Grauls'?, Sebastian A.J. Zaat'

| Department of Medical Microbiology,Academic Medical Center, University of Amsterdam,Amsterdam,The Netherlands
2 Genome Biology Unit, EMBL, Heidelberg, Germany
3 Van ‘t Hoff Institute for Molecular Sciences, University of Amsterdam, Amsterdam, The Netherlands
4 Mass Spectrometry of Biomacromolecules, Swammerdam Institute for Life Sciences,Amsterdam,The Netherlands
5 Department of Medical Biochemistry,Academic Medical Center, University of Amsterdam,Amsterdam,The Netherlands
6 Department of Immunohematology and Blood Transfusion, Leiden University, Leiden, The Netherlands
7 Tytgat Institute for Liver and Intestinal Research, Academic Medical Center; Amsterdam, The Netherlands
8 Department of Cariology Endodontology Pedodontology, Academic Centre for Dentistry Amsterdam (ACTA),
University of Amsterdam and VU Amsterdam, Amsterdam, The Netherlands
9 Department of Medical Microbiology and Infectious Diseases,VU Medical Center, Amsterdam, The Netherlands

SUBMITTED FOR PUBLICATION



ABSTRACT

Chemokines (chemotactic cytokines) can have direct antimicrobial activity, which is related
to the presence of a distinct positively charged patch on their surface. Thrombocidin-| (TC-
) is a potent microbicidal protein isolated from human blood platelets. TC-1 only differs
from the chemokine NAP-2/CXCL7 by a two amino acid C-terminal deletion, but this
truncation is crucial for antimicrobial activity.VVe assessed structural elements required for
antimicrobial activity and designed TC-1| variants with enhanced potency.The positive patch
of TC-1 is composed of residues far apart in the TC-I primary structure, and therefore
requires correct protein folding. Lysine 17 occupies a central position in the positive patch.
Substitution of this residue for an alanine reduced the activity against bacteria and almost
abolished activity against the yeast Candida albicans. Conversely, augmentation of the positive
patch by increasing charge-density or size resulted in 2-3-fold increased activity against
Staphylococcus aureus, Escherichia coli and Bacillus subtilis but did not substantially affect activity
against C. albicans. Linearized TC-| also had antimicrobial activity, and using overlapping |5-
mer synthetic peptides we identified TC-derived peptides with potent antibacterial activity.
Peptide L3, consisting of residues 3-17, had the highest activity. Increasing the positive charge
of L3 by lysine substitutions at specific positions enhanced its activity 2- and |5-fold against
E. coli and S. aureus, respectively. In conclusion, the positive patch is important for activity of
folded TC-1, and activity can be enhanced by increasing the charge and/or size of this patch.
Peptides derived from the TC-1 N-terminus also have potent antimicrobial activity, which

could explain the antimicrobial activity of linearized TC-1.
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INTRODUCTION

Chemokines are important regulators of leukocyte-mediated inflammation and immunity
and constitute a critical link between innate and adaptive immunity. The general chemokine
structure consists of an elongated N-terminal segment, three antiparallel B-sheets and a
C-terminal &-helix. The N-terminal segment of chemokines contains two cysteines which
are required for correct folding. Many chemokines also have direct antimicrobial activity
(152). The antimicrobial chemokines have an amphipathic structure with a hydrophobic
region and a distinct positive patch (2;3), thus resembling antimicrobial peptides (AMPs).
Such an amphipathic structure is supposedly required for microbicidal activity, hydrophobic
domains being essential for membrane interactions and cationic domains providing selective
interaction with the negatively charged outer surfaces of microorganisms (4;5).
Thrombocidins (TCs) are microbicidal proteins of human blood platelets (6) derived from
platelet chemokines, which contribute to innate immunity (7). TC-1, the most potent
thrombocidin, only differs from the chemokine NAP-2/CXCL7 by a C-terminal truncation of
an alanine and aspartate residue.This truncation is required for potent microbicidal activity
of TC-1 (6). Like other chemokines with antibacterial activity, thrombocidins are amphipathic,
with a positive patch on one face of the molecule.

To assess the role of the three-dimensional positive patch in the antimicrobial activity of
TC-1, we used TC-1| substitution variants with mutations in this domain. Reduction of the
charge of the positive patch reduced the activity of TC-1, while augmentation of the positive
patch by introduction of additional positively charged residues increased the activity of
TC-1. After linearization by reduction and alkylation, TC-1 retained antimicrobial activity.
We subsequently identified peptides derived from the TC-1 N-terminal region with potent
antimicrobial activity. This suggests that a 3-dimensional patch and linear N-terminus
derived peptides are major determinants of antimicrobial activity of folded and linearized

TC, respectively.
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MATERIALS AND METHODS

MICROORGANISMS
Antimicrobial activity was assessed against the laboratory strains Bacillus subtilis ATCC6633,
Staphylococcus aureus 42D, Escherichia coli ML-35p (8), and clinical isolates of Candida albicans

and Cryptococcus neoformans (6).

PEPTIDE SYNTHESIS

Overlapping pentadecamers frameshifted by five residues covering the entire TC-| sequence
were synthesized. Peptides were named after their first amino acid and the position of this
amino acid in TC-1. Peptides were synthesized and purified as described previously (9).
Peptides with strong antimicrobial activity and amidated variants were resynthesized and
additionally purified by RP-HPLC on aVydac CI8 column (10 x 250 mm) to >95% purity.

MOLECULAR MODELLING

The X-ray resolved structure of NAP-I (Inap.pdb) (10) was used as template for all
molecular modeling of TC-1. Ramachandran analyses were determined by Procheck (11).As
all substitutions are located at the protein surface, and all TC-1 variants only had marginally
reduced Ramachandran scores (Table S2), the designed substitutions would not significantly
alter the fold of the protein. RasWin Molecular Graphics v2.7.4.2 was used for ribbon
representation of TC-1 (12). Swiss model was used for prediction of the 3-dimensional
structure of TC-1 substitution variants (|3). CCP4mg version 1.1.1 (14) and UCSF Chimera

v.1.3 (15) were used for electrostatic potential and hydrophobicity plots, respectively.

CONSTRUCTION OF EXPRESSIONVECTORS CONTAININGTC-1VARIANTS
DNA coding for TC-| was obtained in a 2-step PCR protocol. Primers were designed based
on the cDNA sequence of platelet basic protein (PBP) (16). In the first PCR step a product
coding for PBP was amplified from 2 ng of a human bone marrow cDNA library (Clontech)
using Pfu polymerase (Stratagene) and oligonucleotides PBPf and PBPr as forward and
reverse primers, respectively (Table I; primers were from Applied Biosystems. The PCR
protocol consisted of 5 min at 95°C followed by 30 cycles of | min 95°C, 2 min 55°C and
2 min 72°C.The resulting PBP amplicon served as a template in a set of subsequent PCR
reactions generating the product coding for TC-1.

The forward and reverse primers contained Ndel and BamHI restriction sites, respectively,
to allow cloning of the PCR products. Conditions for these PCR reactions were the same as

for the PBP PCR. Ndel / BamHI double-digested PCR products were purified from agarose
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gel (Qiagen), ligated to Ndel / BamHI -digested pET9a expression vectors (Novagen), and
the ligation products were used to transform E. coli BL2I1DE3(LysS) cells (Merck) 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 pET9a vector (TAATACGACTCACTATAGGG) and the reverse primer specific for the
respective constructs (Table SI). 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.

Sequences coding for TC-1 variants were generated by PCR using primers containing the
desired substitutions. For TC-1 S12K, GI3K and 14K (Fig. I), primers PKPET S12K, PKPET
GI13K and PKPET [14K, respectively, were used as forward primers in combination with
reverse primer PKET-1 (Table S2). For TC-1 D42K and D49K substitutions, PKPET-1 was
used as a forward primer and PKPET D42K and PKPET D49K as the respective reverse

primers. PCR products were cloned into pCR2.| and the ligation product was used to

Table |. Microbicidal activity of peptides derived from L3 by lysine or alanine substitutions.

Peptide Peptide LC99.9 value (uM) for
sequence name E.coli | S.aureus | B.subtilis | C.neoformans
LRCMCIKTTSGIHPK L3 75 30 3.8 1.9
LRCMCIKTTKGIHPK | L3-S12K 75 1.9 1.9 3.8
LRCMCIKTTSKIHPK L3-GI3K 75 1.9 3.8 1.9
LRCMCIKTTSKIHPK L3-GI3K-am 1.9 0.9 1.9 n.d.
LRCMCIKTTSGKHPK | L3-114K 38 3.8 0.9 0.9
LRCMCIKTTSGKHPK | L3-114K-am 3.8 1.9 1.9 n.d.

n.d.: not determined, am: amidated

1 11 21 31 41 51 61 68
TC-1 AELRCMCIKT TSGIHPKNIQ SLEVIGKGTH CNQVEVIATL KDGRKICLDP DAPRIKKIVQ KKLAGDES
NAP-2 AELRCMCIKT TSGIHPKNIQ SLEVIGKGTH CNQVEVIATL KDGRKICLDP DAPRIKKIVQ KKLAGDESAD
TC-1 S12K AELRCMCIKT TRGIHPKNIQ SLEVIGKGTH CNQVEVIATL KDGRKICLDP DAPRIKKIVQ KKLAGDES
TC-1 G13K AELRCMCIKT TYKIHPKNIQ SLEVIGKGTH CNQVEVIATL KDGRKICLDP DAPRIKKIVQ KKLAGDES
TC-1 I14K AELRCMCIKT TSGIRHPKNIQ SLEVIGKGTH CNQVEVIATL KDGRKICLDP DAPRIKKIVQ KKLAGDES
TC-1 K17A AELRCMCIKT TSGIHPANIQ SLEVIGKGTH CNQVEVIATL KDGRKICLDP DAPRIKKIVQ KKLAGDES
TC-1 D42K AELRCMCIKT TSGIHPKNIQ SLEVIGKGTH CNQVEVIATL KEGRKICLDP DAPRIKKIVQ KKLAGDES
TC-1 D49K AELRCMCIKT TSGIHPKNIQ SLEVIGKGTH CNQVEVIATL KDGRKICLIZP DAPRIKKIVQ KKLAGDES

Figure |. Primary amino acid sequence of NAP-2, TC-1 and TC-I substitution variants. Substituted

residues in TC-1 variants are indicated in black.
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transform E. coli TOP10 F’ (Invitrogen). Individual colonies on selective LB agar plates were
checked for the presence of a correct TC-| insert. After digestion with Ndel and BamHI
the TC-1 gene-containing fragments of these clones were purified from agarose gels using
QiaExll (Qiagen), ligated to Ndel and BamHI — digested pET9a and the resulting clones were

checked for correct inserts as described above.

EXPRESSION AND PURIFICATION OF RECOMBINANT PROTEINS
E. coli BL2I DE3(lysS) cells containing pET9a-derived constructs were cultured in 0.5 — 2 liter
LB medium with chloramphenicol + kanamycin (50 pg/ml each).When cultures had reached

an optical density (A ) of 0.3, isopropyl-b-D-thiogalactoside (IPTG, Boehringer) was added

620
to a final concentration of 0.5 mM to induce expression of the cloned genes. After 5 hours
of incubation at 37°C, cells were harvested by centrifugation (5 min, 5000 x g), pellets were
resuspended in lysis buffer (20 mMTris pH 7.2,6 M urea, 2.5% of the original culture volume)
and kept at -20°C o/n. Bacteria were lyzed by ultrasonication (5 min, 0°C), cell debris was
removed by centrifugation (I h, 150,000 x g), and the supernatant was diluted 5-fold in 50
mM HEPES pH 8.0. Recombinant proteins were purified in a two-step procedure adapted
from a method described previously for native thrombocidins (6).As a first step sonicates
were applied to a 5 ml SP fast flow column (GE healthcare Life Sciences) equilibrated in 50
mM HEPES pH 8.0, at a flow of 2.5 ml/min. Proteins were eluted in 0.5 M NaCl, dialysed
against 0.1% acetic acid and lyophilized. Proteins were further purified using continuous
acid urea polyacrylamide gel electrophoresis (CAU-PAGE). Protein concentrations were
determined with a BCA protein assay (Pierce) and molecular mass and presence of intended

mutations were verified by MALDI-TOF and Q-TOF analyses.

BIOCHEMICAL ANALYSIS

Activity of linearized natural TCs was assessed by electrophoretic analysis and gel overlay
(see below) after reduction of the disulfide bridges in these proteins. Protein (ca. | mg/
ml) was pretreated in 100 mM Tris-HCI pH 8.5 containing 6 M guanidine hydrochloride
and 2 mM EDTA, at 50°C for 30 min. Dithiothreitol (DTT, Sigma) was added (I 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), 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).
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ANTIBACTERIALACTIVITYTESTING

MICROBICIDAL ASSAY

Microbicidal activity was assayed essentially as described by Harwig et al. (17). Overnight
cultures in Trypticase soy broth (TSB, Difco) were diluted 100-fold in fresh TSB and cultured
for 3 h at 37 °C (bacteria) or 30 °C (yeasts). Microorganisms were washed twice with
|0 mM phosphate buffer pH 7.0 +0.03% (w/v) TSB (incubation buffer), the OD at 620 nm
was measured, and the microorganisms were diluted to 2x10° CFU/ml in incubation buffer,
based on optical density.

To determine the concentration of peptides killing at least 99.9% of the inoculum (LC99.9),
25 pl aliquots of 2-fold serially diluted peptide in incubation buffer were prepared in wells
of a polypropylene microtiterplate (Costar, Corning) and to each of the wells 25 pl of a
microbial suspension containing 2x10° CFU/ml was added.After 2h of incubation on a rotary
shaker at 150 rpm at 37 °C, triplicate 10 pl aliquots were plated on blood agar plates. The

plates were inspected for growth after 24 h.

AGAR DIFFUSION ASSAY

Microbial suspensions were prepared as described for the liquid bactericidal assay. An
inoculum of 107 CFU was mixed with 20 ml nutrient-poor agar (0.03% (w/v) TSB in 10
mM sodium phosphate buffer, pH 7.0, with 1% low EEO agarose [Sigma]) of 45 °C, and
immediately poured into |0x10-cm culture plates.Wells of 2 mm in diameter were punched
into the agarose, and 2.5 pl samples of 250 pM preparations were added to the wells and
allowed to diffuse into the agarose for 3 h at 37 °C (bacteria) or 30 °C (yeasts). Subsequently,
the agarose was overlayed with 20 ml of double-strength nutrient agarose (6% TSB, 1%
Bacto-agar [BD Difco],45 °C),and plates were incubated overnight at 37 °C (bacteria) or 30
°C (yeasts).The diameter of the zone devoid of microbial growth was measured to calculate

the area of growth inhibition.

GEL OVERLAY ASSAY

Proteins were separated by AU-PAGE as described by Harwig et al. (18) after which the
gel was washed 3 x 8 min.in 10 mM phosphate buffer pH 7.0. After washing, the gel was
incubated for 3 hours on B. subtilis-inoculated nutrient-poor agarose (see ‘agar diffusion
assay’). After removal of the gel, the agarose was overlayed with double-strength nutrient

agarose and treated as described for the agar diffusion assay.
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CHAPTER 3

RESULTS

ANALYSIS OF THE POSITIVE PATCH OFTC-1

Analysis of TC-1 by electrostatic surface plotting shows that TC-1 has a positive patch
composed of the residues R54,K56,K57,Ké61 and K62 in one face of the C-terminal X-helix,
residue K17 in the turn between the N-terminal segment and the first B-sheet, and residues
K41,R44 and K45 in the turn between the second and third B-sheet (Fig. 2A and 2B).Within
this positive patch, residue K17 appears to fulfill a central role by bridging the positive
charges of the loop between the second and third B-sheet and those of the C-terminal
*-helix (Fig. 2B).

Figure 2. Structural characteristics of TC-1 and TC-1 KI7A. (A) Ribbon model of TC-| based on the
the X-ray structure of NAP-2 (10). Electrostatic surface plots of TC-1 (B) and TC-1 KI7A (C) were calculated
using CCP4mg. Positively and negatively charged surfaces are shown in blue and red, respectively. The left panels
correspond to the orientation of TC-| as shown in (A). The middle and right panels show the molecules rotated

along their vertical axis by 90°and 180°, respectively.
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STRUCTURAL ELEMENTS FORACTIVITY OFTC-I

DISRUPTION OF THE POSITIVE PATCH REDUCES THE ANTIMICROBIAL
ACTIVITY OFTC-I

Electrostatic potential plots show that a KI7A substitution

in TC-1 would have a profound effect on the positive patch

(Fig. 2C). To assess the importance of this large positive ‘E 301 [
patch for antimicrobial activity of TC-I, we constructed a E
. . L @ 204
TC-1 KI7A variant (Fig 2B) and compared the activity with &
N
recombinant TC-I. Recombinant TC-I had potent activity S 10
against all species tested in radial diffusion assays (Fig. 3). 3
= i
Figure 3.Antimicrobial activity of TC-1 and TC-1 KI7A. 0-
In a radial diffusion assay with indicated microorganisms, equimolar .
: AP R
amounts (2.5 pl of 250 pM preparations) of TC-I (grey bars) and TC-| ,0\3 @ o P
. \y
KI17A (white bars) were tested.Activity was measured as the area of %.9\) 9_@' 12 éﬁ
0.

microbial growth inhibition.

Figure 4. Electrostatic surface plots TC variants with enhanced positive patches.
Electrostatic surfaces were calculated using CCP4mg, in which positively and negatively charged surfaces are shown
in blue and red, respectively. The left panels correspond to the orientation of TC-1 as shown in fig. 2A. The right

panels show the molecules rotated along their vertical axis by 90°.
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TC-1 KI7A almost completely lacked activity against Candida albicans and had reduced
activity against Bacillus subtilis, Staphylococcus aureus and Escherichia coli (Fig. 3). This indicates
that the cationic residue K17 in the positive patch is important for antimicrobial activity of
TC-I, particularly against C. albicans.

CONSTRUCTION OF TC-I SUBSTITUTION VARIANTS WITH AUGMENTED
POSITIVE PATCHES

After demonstrating that the positive patch is important for activity of TC- 1, we hypothesized
that augmentation of the positive patch might further enhance the antimicrobial activity.We
selected residues for substitution to increase either the cationicity of the patch itself, or to
increase the size of the patch.The negatively charged residue D42 occupies the most central
position within the positive patch (Fig. 2B), and was therefore substituted with lysine. The
resulting TC-1 D42K substitution mutant has a patch which is substantially more cationic, as
shown by an electrostatic potential plot of a Swiss-Model-generated 3-dimensional structure
(Fig. 4).

The positive patch of TC-1 is flanked by several acidic residues of which D49 is most close
to the positive patch (Fig. 2B). The D49K substitution of TC-1 strongly enlarges the surface
area of the positive patch (Fig. 4). To test the effect of increase of positive charge in the
N-terminal stretch of TC-1, variants were constructed with lysine substitutions for either
residue S12, G13, or |14, with S12 located the most distal and |14 the most proximal to the
TC-I positive patch. The TC-1 S12K, GI3K and 114K variants have increased cationicity of
the outer surface in the region between the D42 and D49 residues (Fig. 4).

ANTIMICROBIAL ACTIVITY OF TC-1 VARIANTS WITH AUGMENTED
POSITIVE PATCHES

The activity of the TC-| substitution variants was assessed in a radial diffusion assay and
the area of growth inhibition was compared with that of unmodified TC-1.The TC-1 D42K
variant with a larger charge-density of the positive patch, had a 2.6-fold larger zone of growth
inhibition of S. aureus and E. coli compared to TC-1, and 2-fold increased inhibition zone of
B. subtilis (Fig. 5). However, the inhibition zone of C. albicans was reduced to 80% of that of
TC-1.TC-1 D49K which has a larger positive patch size, produced a 3.4-fold larger zone of
growth inhibition of S. aureus than TC-1 did, and a 2-fold larger inhibition zone of B. subtilis
and E. coli (Fig. 5). The inhibition zone against C. albicans was reduced to 80% of that of TC-1.
Of the peptides with lysine substitutions in the N-terminal segment, only TC-1 114K had
substantially improved antibacterial activity (Fig. 5). The SI2K and GI3K substitutions
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exhibited a slight increase in inhibition zones of B. subtilis. Activity of these variants against S.
aureus was similar to that of TC-1.With E. coli, inhibition zones of SI2K and G 13K were 60%

and 27% of those of TC-I, respectively. SI2K and G 13K completely lacked activity against C.
albicans (Fig. 5).

400+

300+

200+

b
o LU

D42K D49K S12K G13K 114K

inhibition zone
relative to rTC-1 (%)
|

Figure 5. Antimicrobial activity of TC-l variants with augmented positive patches. In a radial diffusion
assay equimolar amounts of TC-1 and of the indicated variants were tested and activity was measured as the area
of microbial growth inhibition. Activity of the TC-1 variants against B. subtilis, S. aureus, E.coli, C. neoformans and C.

albicans (from left to right) is expressed as inhibition zone size relative to that of TC-I.

ANTIBACTERIAL ACTIVITY OF LINEARIZED TC-I

It was recently shown that a linearized variant of the antimicrobial chemokine CCL28
retains its activity (19).To study whether TC-1| retains activity when linearized, native TC-|
was boiled in the absence of DTT, reduced by DTT treatment at 100 °C or reduced and
alkylated. Samples were separated by AU-PAGE and either silver stained or analyzed for
antibacterial activity in an overlay assay with B. subtilis. Reduced (linearized) TC-| migrated
slower in AU-PAGE compared to folded protein (Fig. 6, top panel). As expected, alkylation,
performed to prevent refolding, did not affect protein migration since alkylation does not
change the charge of reduced proteins and increases the molecular weight only marginally.
Antibacterial activity of TC-| was not affected by boiling, nor by reduction or alkylation (Fig.
6, bottom panel).

Linear domains of TC-1 with antimicrobial activity
Since TC-I retained antimicrobial activity after linearization, we assessed whether linear
peptide regions of TC-1 also have antimicrobial activity. In a screen of overlapping peptides

covering the entire TC-| sequence, only peptides Al and D51 derived from the N- and
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CHAPTER 3

Figure 6. Influence of linearization on
antibacterial activity of TC-I.

Samples of native TC-1 were left untreated

(U), were boiled (B), reduced in DTT (R) or S"V_e':
were reduced and alkylated (RA). Samples staining
were analyzed in acid urea gels, which were
silverstained (top panel) or used in an overlay
assay with B. subtilis (bottom panel).
B. subtilis
overlay

C-terminal region of TC-I respectively, were bactericidal, causing a 3 log decrease in viable
counts of E. coli (LC99.9) (Fig. 7A).For both regions pentadecamers with a one-residue
frameshift were synthesized. Of the N-terminal peptides, L3 and R4 were the most active
peptides against E. coli, with LC99.9 values of 7.5 mM (Fig. 7A). L3 was 22-fold more potent
than R4 against S. aureus, B. subtilis and C. neoformans (not shown).The additional C-terminal
peptides were devoid of antibacterial activity (Fig. 7A).

ENHANCEMENT OF BACTERICIDAL ACTIVITY OF L3 BY LYSINE
SUBSTITUTIONS

Single neutral amino acids in L3 were replaced by the basic residue lysine to assess whether
the bactericidal activity could be enhanced. At any position, a lysine residue increased the
activity against S. aureus (Fig. 7B), with L3-S12K and L3-G 13K as the most potent peptides.
Variants with lysine substitutions at position S12 to HI5 had up to 2-fold increased activity
against E. coli compared to L3, while all other substitutions had reduced activity (Fig. 7B).
The activity of the most potent peptides, L3-S12K, L3-GI3K and L3-114K, was compared
with activity of L3 against E. coli, S. aureus, B. subtilis and C. neoformans. Peptide L3-114K
was the only substitution variant with enhanced activity against all species tested (Table I).
L3-S12K had enhanced activity against S. aureus and B. subtilis, but not against E. coli and C.
neoformans compared to L3, whereas L3-GI3K only had enhanced activity against S. aureus

and C. neoformans (Table 1).In many AMPs, removal of the carboxyterminal negative charge
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by carboxyamidation leads to an increase in antimicrobial activity (20;21). Amidation of L3-
G 13K resulted in 2-4 fold decreased LC99.9 values for E. coli, S. aureus and B. subtilis (Table 1).
The LC99.9 value of amidated L3-114K was 2-fold reduced for S. aureus, but 2-fold increased
for B. subtilis, compared to its non-amidated analogue (Table I). Overall, L3-G|3K-am was
the most potent peptide against E. coli and S. aureus and L3-114K was the most potent against
B. subtilis.

A
1 10 20 30 40 50 .60 68
TC-1 ARLRCMCIKTTSGIHPKNIQSLEVIGKGTHCNQVEVIATLKDGRKICLDEDAPRIKKIVOKKLAGDES
E P A D
1, I P————————————FE
r I | R—38
C I
MTQ
B
IL—-R—C—-M—C— I—K—T—T—S8S—G—|I—H—P—K
K K K K K K K K K K K K
% 16'
= -
g= 1
88 81
o © 4
]
2 0
]
25
§8 -4
o 5 -121 l E. coli
O - -
L -16 O s. aureus

Figure 7. Bactericidal activity of thrombocidin-derived peptides. (A) Activity of |5-mer TC-derived
peptides, frameshifted by 5 residues was assessed against E. coli in a liquid bactericidal assay with 60 pM of peptides.
Only the N- and Cterminal residues of peptides are indicated. Two active peptides were identified, indicated by
the solid and dotted boxes. Based on these peptides, a second series of peptides frameshifted by single residues
were subsequently tested. Activity of these peptides is presented schematically and thickness of the lines indicates
bactericidal potency (ranging from LC99.9 values of >120 for the thinnest to 7.5 pM for the thickest line). (B)
Lysine scan of L3, the most potent TC-derived peptide.The boxed sequence is the L3 peptide. Peptides differing by
a single substitution were synthesized, as indicated below the L3 boxed sequence. Single neutral amino acids were
replaced by the basic residue lysine and conversely, basic residues were replaced by the neutral alanine. Activity of
the peptides is expressed as fold change in the LC99.9 in liquid bactericidal assays, as compared to the activity of

peptide L3.
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DISCUSSION

STRUCTURAL CHARACTERISTICS OF ANTIMICROBIAL CHEMOKINES
The general chemokine structure consists of an N-terminal segment, followed by three
B-sheets and a C-terminal -helix (22;23). Chemokines with direct antimicrobial activity
have a clear positive patch (2). Antimicrobial chemokines thus have a distinct amphipathic
structure that strongly resembles that of antimicrobial peptides (24). An amphipathic
structure is essential for activity of AMPs: the positive charge is required for selective
interaction with negatively charged microbial outer surfaces, whereas the hydrophobic
regions allow interaction with the apolar part of the membranes (25;26). Microorganisms
are killed by disruption of their membranes (27) or via interference with intracellular targets
after translocation of AMPs across the membrane (5;28).

TC-I was identified as antimicrobial protein from human platelet granule sonicate (6).
TC-1 only differs from the chemokine NAP-2 by a 2 amino acid C-terminal truncation.This
truncation is required for strong antimicrobial activity (6) but does not substantially affect

chemokine activity (29).

ROLE OF THE POSITIVE PATCH FORANTIMICROBIALACTIVITY OF TC-I
TC-1 has a positive patch consisting of several residues in the turn between the second and
third B-sheet, in one face of the C-terminal X-helix, and a single residue (K17) in the turn
prior to the first B-sheet. Residue K17 occupies a central position between the other two
regions and thus links them into a large positive patch.VWWe demonstrated that interruption of
this positive patch in TC-| by substitution of this central cationic residue K17 with an alanine
nearly abolished antifungal, but only slightly reduced antibacterial activity.

Various AMPs and antimicrobial chemokines have selective activity against either bacteria or
fungi (30;31). This indicates that structural characteristics other than amphipathicity alone
are required for antimicrobial activity. Moreover, several AMPs only exert activity against
specific classes of fungi (32;33), suggestive of specific fungal targets.

Our results clearly indicate that antibacterial or antifungal activity of TC-1 also requires
different structural characteristics. Changing the TC-| positive patch by replacing the lysine-17
for an alanine residue strongly reduced antifungal activity, but reduced antibacterial activity
only slightly, while augmentation of this patch at several positions enhanced antibacterial
but not antifungal activity. This indicates that broad spectrum antimicrobial activity of AMPs
requires a combination of several structural elements. It can be speculated that for this
reason several AMPs have evolved with activity against specific classes of microorganisms

only.
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TC-DERIVED PEPTIDESWITH ANTIMICROBIAL ACTIVITY

The positive patch of antimicrobial chemokines is composed of different regions of its primary
structure. Since chemokines have a highly folded conformation that strongly depends on
disulphide bonds, correct folding of the molecules is required to form this patch. Strikingly,
TC-1 retains antimicrobial activity after linearization (by denaturation through reduction
and alkylation). Similar findings were recently reported for CCL28, where a substitution
variant lacking the two cysteines in the N-terminal segment, retained its full antimicrobial
activity (19).

We used overlapping |5-amino acid peptides to assess the antimicrobial activity of linear
regions of TC-|.Peptides corresponding to the cationic TC-1 C-terminal region only exerted
minor activity, which is in line with the previous observation that a peptide corresponding
to the entire TC-1 C-terminal &-helical region (residues 50-68) lacked potent antimicrobial
activity (34). Interestingly, peptides derived from the N-terminal region of TC-I had very
potent antimicrobial activity. In this region, peptide L3 consisting of residues 3-17 of TC-1 had
the highest net positive charge (+3) and also the highest antimicrobial activity. Introduction of
additional lysines to increase this positive charge enhanced its activity. Moreover, amidation
of the C-terminus, which removes the negative charge of the carboxyterminus, increased
the activity against several of the tested species even further, as has been reported for other
peptides as well (20;21).

TC-1I is not the only chemokine with linear antimicrobial peptide domains in its primary
sequence. For CCL28 it was observed that a peptide corresponding to its C-terminal half has
almost as potent antimicrobial activity as the intact protein (19),and linear peptides derived
from the chemokines IL-8 and MIP-3x also have antimicrobial activity (35;36). So, both
full-length chemokines and chemokines-derived peptides are interesting design-scaffolds for
development of novel antimicrobial agents.

In conclusion, we demonstrated that the positive patch is important for antimicrobial
activity of intact, folded TC-1.TC-| variants with increased charge-density or size of the
positive patch had enhanced antibacterial activity. Linear peptides derived from the TC-I
N-terminus exerted potent antimicrobial activity. Similar to TC-1, increasing the positive
charge of these peptides enhanced their antimicrobial potency. Such tailored chemokine-
derived antimicrobial peptides are interesting candidates for development of novel anti-

infective agents.
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Table S1. Ramachandran scores for TC-1 and TC-1 variants.

Ramachandran (%) TC-1 TC-1 GI3K all other substitutions
most favored 91.1 87.7 87.5

additional allowed 8.9 12.3 12.5

generously allowed 0 0 0

disallowed 0 0 0

Table S2. Sequences of forward (f) and reverse (r) primers used to construct TC-1 substitution

variants. Restriction sites for cloning are underlined and substituted residues are shown in bold.

Primer

sequence (5'-3")
name
PKPET GTGTAACATATGGCTGAACTCCGCTGCATGTGTATAAAGACAACCAAG
S12K (f) GGAATTCATCCCAAAAAC
PKPET GTGTAACATATGGCTGAACTCCGCTGCATGTGTATAAAGACAACCTCT
G1l3K (f) AAAATTCATCCCAAAAACATCC
PKPET GTGTAACATATGGCTGAACTCCGCTGCATGTGTATAAAGACAACCTCT
I14K (f) GGAAAGCATCCCAAAAACATCC
PKPET GTGTAACATATGGCTGAACTCCGCTGCATGTGTATAAAGACAACCTCT
K17A (f) GGAATTCATCCCGCAAACATCCAAAGTTTGG
PKPET TATAGGATCCTCAAGATTCATCACCTGCCAATTTTTTCTGTACAATTT
DA2K (r) TCTTGATTCTGGGAGCATCTGGGTCCAGGCAGATTTTCCTCCCCTTCT

r

TCAGTGTGGCTATC
PKPET TATAGGATCCTCAAGATTCATCACCTGCCAATTTTTTCTGTACAATTT
D49K (r) TCTTGATTCTGGGAGCATCTGGCTTCAGGCAGATTTTCCTC
PKPET-1(r) | GTGTAACATATGGCTGAACTCCGCTGCATGTGTATAAAGACAACCTCT
PKPET-2(f) | TATAGGATCCTCAAGATTCATCACCTGCCAATTTTTTCTG
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