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GENERAL INTRODUCTION

ANTIBIOTIC RESISTANCE

Antibiotic-resistant bacteria pose a very serious threat to public health.While the frequency
of antibiotic resistance in pathogenic bacteria keeps increasing, no real new classes of
antimicrobial agents are expected within the next few years (1-3). Only a limited number of
antibiotics is still effective against various pathogens such as methicillin-resistant Staphylococcus
aureus (MRSA), vancomycin-resistant Enterococcus faecium (VREF), and extended-spectrum
beta-lactamase-producing (ESBL) Gram-negative bacteria (4). Some Gram-negative bacteria
have even acquired resistance against all available classes of antibiotics and are thus
untreatable (5;6). Since development of novel antibiotics has been lagging behind over the

last decades (7), there is an urgent need for novel antimicrobial agents (8).

ANTIMICROBIAL PEPTIDES HAVE AN IMPORTANT ROLE IN THE FIRST
LINE OF DEFENSE AGAINST MICROORGANISMS

Cationic antimicrobial peptides (AMPs) are an essential part of the innate immune system,
present in virtually all life forms (9;10). Invertebrates lack an adaptive immune system and
therefore rely strongly on AMPs for their defense against invading microorganisms (I 1). Most
AMPs are small, amphipathic X-helical or B-sheet peptides with direct antimicrobial activity.
Their supposed bactericidal mechanism of action is targeted directly towards microbial
membranes (12), although AMPs may also have intracellular targets (13;14). A cationic
domain of these peptides interacts specifically with the negatively charged outer surfaces
of microorganisms and a hydrophobic domain is required for membrane perturbation or
penetration, either causing membrane disruption or translocation into the cell (15;16).
Some bacteria have evolved mechanisms to reduce their outer surface negative charge to
reduce their susceptibility to AMPs.This involves complex biosynthetic pathways, so the risk
for rapid resistance development against AMPs is considered low (10).

AMPs are mainly expressed by epithelial cells and in phagocytic cells (10). In humans, the
main groups of AMPs are the B-sheet defensins and LL-37, the only known -helical AMP in
humans (17). Chemokines — small cytokines with chemotactic activity — have a 3-dimensional
structure resembling that of defensins (18-20), and indeed many chemokines have direct
antimicrobial activity (18;21). Natural AMPs are often used as template for the development
of novel antimicrobial agents (22;23). Alternatively, synthetic AMPs are rationally designed
based on common structural elements in natural AMPs, LPS-binding or other proteins (24).
For instance, Bactericidal Peptide 2 was designed based on LPS-binding domains of various

naturally occuring LPS-binding proteins (25).



THROMBOCIDINS, ANTIMICROBIAL PROTEINS FROM HUMAN BLOOD
PLATELETS

Thrombocidins (TCs) are antimicrobial proteins from human blood platelets (26).TCs were
identified in platelet granule sonicate. TC-1 and TC-2 only lack two C-terminal amino acids
compared to the chemokines NAP-2 and CTAP-III, respectively. This C-terminal truncation
results in substantially stronger microbicidal activity of TC-1 and TC-2 compared to their
homologues NAP-2 and CTAP-III, respectively (26). TC-I is the most potent thrombocidin
with microbicidal activity at low micromolar concentrations. Experiments in rabbit models
indicate that TCs are involved in protection against viridans streptococcal endocarditis (27).
Several other chemokines also have direct antimicrobial activity (18;20;21;28;29). This
activity seems to be associated with the presence of a distinct cationic patch at the surface
of antimicrobial chemokines (21). We aimed to unravel the structural requirements for
microbicidal activity of TC-1.We utilized this knowledge to construct TC-| variants with

enhanced activity, and to design thrombocidin-derived microbicidal peptides.

Honey, a natural product with a long history of medical application

Honey is one of the oldest agents used in medicine, mostly applied for wound healing (30).
Direct antibacterial activity of honey was first reported in 1892 (cited by Dustmann in 1919).
With the advent of antibiotics, the clinical application of honey was abandoned in modern
Western medicine, though in many cultures it is still used.The potent activity of honey against
antibiotic-resistant bacteria (31-33) renewed interest for its application (34-36). A large
number of reports indicate that honey has therapeutic benefit in assisting wound healing
(37), but most of these reports concerned clinical observations rather than randomized
studies.The best evidence regarding the efficacy of honey has been obtained for treatment of
burn wounds. For mild to moderate superficial and partial thickness burns, honey was more
effective than conventional treatment for reduction of microbial colonization and improved
wound healing (38;39).There is however insufficient evidence to guide clinical application of
honey in other areas (39), so high-quality clinical trials are warranted. Additional obstacles
for the applicability of honey as antimicrobial agent, however, are its undefined nature and
the large variation in antibacterial activity between honeys obtained from different sources,

or even within batches of honey from the same natural source.

ANTIMICROBIAL COMPONENTS IN HONEY
Honey is a saturated or super-saturated sugar solution, containing about 85% sugars (40).
Such a high concentration of sugar has antimicrobial activity since it causes osmotic stress

(40;41). Hydrogen peroxide is another well-known antibacterial compound in honey (40;42-



44). Upon moderate dilution of honey, glucose oxidase - added by honey bees during
production of honey - converts glucose into H,O, and gluconic acid (45;46). Honey has a
low pH (generally between 3.2 and 4.5), mainly due to this gluconic acid, but the contribution
of the low pH to the antimicrobial activity is still disputed (40).

For several honeys there are clear indications for the presence of additional antibacterial
factors (40;44;47). Manuka honey is the best studied honey with potent activity exerted
by additional factors (44;48;49). This honey is produced from nectar of the Manuka tree
(Leptospermum scoparium) which is indigenous to New-Zealand. Several phenolic and
acidic compounds with antibacterial activity have been isolated from Manuka honey, but
these compounds could not fully explain the potent activity of this honey (40). Recently,
methylglyoxal (MGO) was identified as an antibacterial compound in Manuka. MGO is
present in various foods, but the concentrations found in Manuka honey are exceptionally
high (50;51).The contribution of MGO to the overall activity of Manuka honey, however, is

also still unclear.

MEDICAL-GRADE HONEYS

Raw honey can contain bacterial spores, most notoriously those of Clostridium botulinum,
which can cause wound botulism or gangrene (52). Honey intended for medical application
is therefore sterilized by gamma-irradiation to destroy potentially present bacterial spores
(53). Revamil® and Manuka-based honeys (e.g.Active Manuka®, Medihoney® and Activon®) are
approved for treatment of wounds. The exact antibacterial composition and the magnitude
of the antibacterial activity of these medical-grade honeys, however, are still largely unknown
or undefined. Implementation of honey in modern medicine requires potent broad spectrum
antimicrobial activity, high reproducibility, knowledge of its mechanism of action and evidence
for clinical efficacy.

The honey used as a source for Revamil® (designated as RS honey in this thesis) is produced
by a standardized process in greenhouses, but its antimicrobial activity is not routinely tested.
Manuka honey is collected from the natural environment and has large batch-to-batch
variation in antibacterial activity (44). Batches of medical-grade Manuka honey are therefore
individually screened for antibacterial activity. Detailed knowledge of the bactericidal
spectrum, kinetics of killing, the mechanism of action and clinical efficacy of these medical-

grade honeys are still largely unknown.

SCOPE OF THISTHESIS
The aim of this thesis was to unravel the mechanism of antimicrobial activity of two groups

of naturally occurring antimicrobial agents with promising properties: thrombocidins and

10



honey. In addition we also aimded to optimize the activity of these agents. We studied the
3-dimensional structures of TC-1 and NAP-2 with nuclear magnetic resonance (NMR)
to assess whether the 2 amino acid C-terminal truncation in TC-| resulted in structural
changes compared to NAP-2 (chapter 2). We subsequently characterized the role of the
positive patch and of linear peptide regions for antimicrobial activity of TC-1 and aimed to
design TC variants and TC-derived peptides with enhanced antimicrobial activity (chapter 3).
Another potentially useful novel antimicrobial is the synthetic peptide “Bactericidal Peptide
2” (BP2). We tested the potential of this peptide for in vivo application to treat bacterial
infection in a mouse model for biomaterial-associated infection (chapter 4).

The antimicrobial activity of Revamil® honey in vitro and on skin of healthy human volunteers
was investigated in chapter 5.We aimed to identify the factors contributing to the bactericidal
activity of RS honey, the source honey of Revamil® and describe these in chapter 6. We
subsequently compared the kinetics of bactericidal activity of RS and Manuka honey and
determined the contribution of individual factors for this activity (chapter 7).In chapter 8 we
describe how we aimed to improve the rapid bactericidal activity of RS honey by enrichment
with its endogenous bactericidal compounds or by addition of exogenous antimicrobial
peptides. Finally, the general findings presented in this thesis are discussed and summarized

in chapter 9.
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ABSTRACT

The platelet chemokines NAP-2 and TC-| differ by only two amino acids at their carboxy-
terminal end. Nevertheless they display a significant difference in their direct antimicrobial
activity, with the longer NAP-2 being inactive and TC-| being active. In an attempt to
rationalize this difference in activity we have studied the structure and the dynamics of both
proteins by NMR spectroscopy. Using "*N isotope-labeled protein, we confirmed that the
two monomeric proteins essentially have the same overall structure in aqueous solution.
However NMR relaxation measurements provided evidence that the negatively charged
carboxy-terminal residues of NAP-2 experience a restricted motion, while the carboxy-
terminal end of TC-l1 moves in an unrestricted manner. Detailed analysis of the protein
motions through model-free analysis, as well as a determination of their overall correlation
times, provided evidence for the existence of a monomer-dimer equilibrium in solution,
which seemed to be somewhat more prevalent for TC-I. Dimerization could generate a
larger basic surface area that would increase the antimicrobial activity of these chemokines.
Moreover these data also show that the negatively charged carboxy-terminal end of NAP-2
(which is absent in TC-1) folds back over part of the positively charged helical region of the

protein and in doing so interferes with the direct antimicrobial activity.

INTRODUCTION

Chemokines are a large group of structurally and functionally related proteins that have a
chemotactic activity which helps to target leukocytes to their site of action (I).They act by
binding to chemokine receptor proteins, a class of G-protein coupled receptors. Together,
the chemokines control the migration and actions of leukocytes (2). Recent studies have
shown that several chemokines also possess an endogenous antimicrobial activity (3-5)
Detailed structure-function studies of the human chemokines MIP-3, GCP-2 and CCL28
have shown that positively charged residues on the surface of these three proteins are
largely responsible for their direct antimicrobial activity (6-10). These proteins are believed
to act by perturbing bacterial membranes, a mechanism that is commonly found for other
antimicrobial peptides (I1;12). An interestingly different case, where positively charged
residues do not appear to be directly involved in the antimicrobial action, is provided by
the chemokines thrombocidin-1 and -2 (TC-I and TC-2), which are the platelet chemokines
neutrophil activating protein 2 (NAP-2) and connective tissue-activating protein Ill (CTAP-

1), respectively, with the two C-terminal residues truncated (1 3).
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The 70 amino acid residue long NAP-2, also known as CXCL-7, is generated through
N-terminal proteolytic processing from platelet basic protein (PBP) (14). NAP-2 and its
related proteins are released in large amounts from activated platelets (15;16).As a member
of the CXC chemokine family which includes interleukin 8 (IL-8)/CXCL8 (17) and stromal
cell-derived factor | (SDF-1)/CXCLI12 (18), NAP-2 plays an important role in inflammation,
blood clotting and wound healing. It is a potent mediator of neutrophil activation and
chemotaxis due to its ability to interact with the cell-surface receptors CXCR-1 and CXCR-2
of neutrophils leading to G-protein activation (2).This activity is shared with the homologous
chemokines IL-8 and growth-related oncogene-x (GRO-x) (19). PBP-derived products with
longer N-terminal regions than NAP-2, namely CTAP-IIl and B-thromboglobulin (B-TG), are
typically less active in neutrophil activation, however these proteins appear to be involved in
chemotaxis of other leukocytes, histamine release and glycosaminoglycan and proteoglycan
metabolism (20;21).

NAP-2 is a homodimer in aqueous solution but it is functionally active as a monomer (15;22).
Its structure was first solved as a tetramer by X-ray crystallography (23). Subsequently, its
solution structure and backbone dynamics were studied by NMR spectroscopy using a 4 %
2-chloroethanol-water co-solvent to dissociate the protein into its monomeric form (24).
Like other chemokines, the overall fold of NAP-2 consists of an N-terminal region without
regular secondary structure that is attached to the remainder of the protein through two
disulfide bonds. This is followed by a three-stranded antiparallel B-sheet, a well-defined
&-helix and the protein ends with an unfolded, solvent-exposed C-terminal tail (24).

In activated platelets, NAP-2 and CTAP-IlIl can become truncated at the C-terminus by
two amino acids to generate TC-| and TC-2, respectively (13). This relatively minor change
in the sequence has significant functional consequences because the thrombocidins have
direct bactericidal activities against Bacillus subtilis, Escherichia coli, Staphylococcus aureus, and
Lactococcus lactis and fungicidal activity against Cryptococcus neoformans, whereas intact NAP-
2 and CTAP-IIl do not. In fact, TC-1 and TC-2 were the first chemokines shown to have
intrinsic microbicidal activity, which was followed by demonstration of similar activities
for many other chemokines (3-5;25). Interestingly, thrombocidins have been shown to be
important for the body’s defence against infective endocarditis due to viridans streptococci
(26).Proteolysis of the N- and C-terminal ends has been described for numerous chemokines
and it is well known that these events modulate their activity (27;28). In fact, even shorter
C-terminally truncated versions of NAP-2 and CTAP-Ill have been described, and many of
these have increased activity for neutrophil activation (29). The sequences of NAP-2 and
TC-1 along with their related chemokines are shown in Figure I.

The solution structures of the NAP-2 and TC-| ®&-helical peptides as determined in an
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organic co-solvent differed in their C-terminal tails, which reflects the difference in their
amino acid sequence (10). However, these isolated peptides were both shown to have low
antimicrobial activities. As such, the differences in the antimicrobial activities of the full
length NAP-2 and TC-1 proteins could not be adequately explained.These results prompted
us to initiate studies of both intact proteins. In this study, relaxation experiments were
acquired for samples of '°N isotopically labelled intact NAP-2 and TC-| samples.These data
were analyzed using the model-free formalism method (30;31) to obtain generalized order
parameters (S?) and information on chemical exchange rates (R_) for specific residues.The
relaxation information was also used to describe the backbone dynamics of the NAP-2 and
TC-I proteins. These data allowed us to provide a structural rationale for the functional

antimicrobial differences between these two proteins.

PBP SSTKGQTKRN;,LAKGKEESLD»SDLYAELRCM3CIKTTSGIHP,0KNIQSLEVIGs,
CTAP-IlI N4oLAKGKEESLD»SDLYAELRCMg,CIKTTSGIHP ,KNIQSLEVIGs,
TC-2 N,oLAKGKEESLD,SDLYAELRCM3CIKTTSGIHP,,KNIQSLEVIGs,
CTAP-III(1-81) N;,LAKGKEESLD,SDLYAELRCM3CIKTTSGIHP,0KNIQSLEVIGs,
B-TG GKEESLD2SDLYAELRCM3CIKTTSGIHPKNIQSLEVIGs,
NAP-2 AELRCM3,CIKTTSGIHPKNIQSLEVIGs,
TC-1 AELRCM3,CIKTTSGIHP4KNIQSLEVIGs,
NAP-2(1-66) AELRCM,CIKTTSGIHP.,KNIQSLEVIGs,
NAP-2(1-63) AELRCM;3,CIKTTSGIHP,KNIQSLEVIGs,
PBP KGTHCNQVE V| ATLKDGRKI;,CLDPDAPRIKzKIVQKKLAGDgESAD
CTAP-IlI KGTHCNQVEV|ATLKDGRKI;,CLDPDAPRIKgKIVQKKLAGDgESAD
TC-2 KGTHCNQVEV|ATLKDGRKI;,CLDPDAPRIKgKIVOKKLAGDES
CTAP-III(1-81) KGTHCNQVEV|ATLKDGRKI;oCLDPDAPRIKaKIVQKKLAGD

B-TG KGTHCNQVE Vgl ATLKDGRKI;,CLDPDAPRIKgKIVQKKLAGDgESAD
NAP-2 KGTHCNQVE V| ATLKDGRKI7,CLDPDAPRIKzKIVQKKLAGDgESAD
TC-1 KGTHCNQVEV|ATLKDGRKI;,CLDPDAPRIKgKIVOKKLAGD,ES
NAP-2(1-66) KGTHCNQVE V| ATLKDGRKI;oCLDPDAPRIKaKIVQKKLAGD
NAP-2(1-83) KGTHCNQVE V| ATLKDGRKI;oCLDPDAPRIKgKIVQKKL

Figure |. Sequence alignment of platelet basic protein and its naturally occurring proteolytically
derived variants. Please note that full-length PBP itself is obtained after proteolysis of a 34-residue leader
sequence that is required for its secretion. Adapted from Krijgsveld et al., 2000, and Ehlert et al., [998.



MATERIALS AND METHODS

PURIFICATION OF RECOMBINANT '*"N-LABELED NAP-2 ANDTC-I

Protein expression and purification were performed as described in chapter 3 with minor
modifications. In brief, '’N-labeled recombinant human NAP-2 and TC-| were expressed as
a non-fusion protein in Escherichia coli BL2 1DE3(lysS) cells grown in '*N rich growth media
(E. coli-OD2 N from Silantes, Munich, Germany). After induction of recombinant protein
expression, E. coli cells were pelleted, lysed, ultracentrifuged, and the supernatant was loaded
on a SP-Sepharose cation-exchange column (GE healthcare). SP eluates containing cationic
components including NAP-2 or TC-| were dialysed and separated by preparative cationic
acid-urea polyacrylamide gel electrophoresis. Fractions were analyzed for the presence of
NAP-2 or TC-1 on the basis of their respective size by tris-tricine SDS-PAGE. The pooled
fractions were also tested in radial diffusion and standard broth bactericidal assays with B.
subtilis and E. coli to ensure that they have comparable antimicrobial activity as unlabeled
purified NAP-2 or TC-I. Protein concentration was measured by the bicinchoninic acid
(BCA) protein assay (Pierce). A typical yield was 5 mg of protein per litre of culture. The
purified chemokines were dialyzed against 0.01% acetic acid in Mini Slide-A-Lyzer tubes and

lyophilized.

NMR SAMPLE PREPARATION

All NMR experiments were acquired at 310 K. Initial 2D 'H-"°N heteronuclear single
quantum coherence (HSQC) experiments were run on NAP-2 and TC-| dissolved in
90%/10% H,O/D,O. Perdeuterated 2-chloroethanol was then added to a concentration of 4
% (v/v) to dissociate the protein into monomers (24;32). Judging from the resulting HSQC
NMR spectra, a higher concentration of 8 % (v/v) 2-chloroethanol was required to promote
the monomeric states of both chemokines. The pH values for the final NAP-2 and TC-I
NMR samples were 4.0 and 3.7, respectively. From the weights of the proteins provided,
the concentrations of the samples were estimated to be 0.4 and 0.6 mM for NAP-2 and
TC-I, respectively. Due to the absence of Trp and Tyr residues in both proteins, accurate
determinations of the chemokine concentration could not be achieved by UV absorbance

measurements.

NMR EXPERIMENTS

To obtain the backbone assignments, 3D 'H-'*N HSQC-NOESY experiments were acquired
on a Bruker Avance 700 MHz NMR spectrometer equipped with a triple resonance inverse
Cryoprobe with a single axis z-gradient. The mixing time used for both samples was 120 ms.
The acquired data matrices for each HSQC-NOESY experiment were 128 (t) x 40 (t,) X
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2048 (t,) complex data points, with spectral widths of 9101.251, 1667.361 and 9124.088 Hz
in the F, ('"H), F, (*N), and F, ('H) dimensions respectively.

All backbone dynamics experiments were acquired on a Bruker Avance 500 MHz NMR
spectrometer equipped with a triple resonance inverse Cryoprobe. 2048 x 256 points were
acquired in each experiment, with spectral widths of 7002.801 x 1520.508 Hz in the 'H
and "N dimensions respectively. For the longitudinal R, spin-relaxation experiments, the
measured relaxation delays were 42 (x2), 98, 154, 196 (x2), 294, 406, 602 and 798 ms.The
duplicate points were acquired for error estimations during analysis. For the transverse R,
spin-relaxation experiments, the measured relaxation delays were 6.55 (x2), 26.17, 45.79
(x2), 65.41, 91.57, 117.73, 137.35 and 163.5] ms. For 'H-"*N heteronuclear NOE data
acquisition, a 5-s train of 120° proton pulses was used. Data with and without NOE was

acquired in an interleaved manner and duplicated for error analysis.

DATA ANALYSIS

NMR spectra were processed using NMRPipe (33) and analysis was performed with
NMRView 5.0.4 (34) for spectral visualization. Published assignments for NAP-2 (24) were
useful to help make the backbone amide assignments for the HSQC spectra of NAP-2
and TC-1.The 3D 'H-"N HSQC-NOESY spectra were used to solve cases of ambiguity
and to complete the assignments. R, and R, relaxation rates were obtained by fitting the
peak intensities to a single exponential decay using the non-linear least-squares routine of
Curvefit in NMRView.The heteronuclear NOE data was also quantified in NMRView, which
calculated the intensity ratio between the spectra acquired with and without NOE effect.
The R,R,,and het-NOE data were fit to five models as defined in the model-free formalism
(30;31), which assigns each backbone amide spin to one of the five models that describe
different spin-relaxation behaviour. Depending on the dynamic properties of the particular
vector, a specific model is assigned that allows the extraction of the relevant motional
parameters. Model selection was performed using the program FAST-Modelfree (35)
which uses ModelFree 4.20 (36) and performs model selection based on the protocol of
Mandel et al.(37). The rotational diffusion tensors were estimated based on R,/ R, ratios
and pdb structure files for NAP-2 and TC-| using the programs R2R|_diffusion, pdbinertia,
and quadric_diffusion from Dr. A. G. Palmer’s group (http://www.palmer.hs.columbia.edu/
software/diffusion.html).The structure files were constructed by combining the X-ray crystal
structure of NAP-2 (23) (PDB ID INAP) which is missing the last four residues of NAP-2
due to missing electron density with the &-helical NAP-2 and TC-1| peptides determined
in organic solution by Nguyen et al.. For the model-free calculations, an axially symmetric
rotational diffusion tensor was used, the N-H bond length was defined as 1.02 A and the

chemical shift anisotropy for nitrogen was -172 ppm.
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RESULTS AND DISCUSSION

SAMPLE CONDITIONS AND HSQC ASSIGNMENTS

After acquiring an initial 2D 'H-"N HSQC spectrum of ""N-labelled NAP-2 in H,O/
D,O (90%/10%) at 310 K, it was noted that the resonances were rather broad due to
oligomerization of the protein.Therefore, 4 % perdeuterated 2-chloroethanol was added to
reproduce the conditions used previously for NAP-2 in the monomeric form (24;32). The
resulting HSQC spectrum did not completely resemble the previously published data (24),
with a few extra low-intensity peaks indicating the presence of a minor conformation from a
small proportion of NAP-2 aggregates. The final solutions of both NAP-2 and TC-1| used for
the remaining NMR experiments contained 8 % 2-chloroethanol to promote full dissociation
of the chemokines.

The backbone assignments of the amide peaks in the HSQC spectra to be used for the
relaxation experiments were mostly in agreement with the published assignment of NAP-2
(Figure 2) (24).The 3D 'H-""N HSQC-NOESY spectra were essential to determine and/or
confirm assignments for peaks that were ambiguous due to peak crowding, slight differences
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Figure 2. 'H-"*"N HSQC spectra of NAP-2 (left panel) and TC-1 (right panel) in 8 % 2-chloroethanol.
Cross-peaks are labelled with resonance assignments.The pH of the samples were 4.0 and 3.7 for NAP-2 and TC-1,

respectively, and the spectra were acquired at 310 K.
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with the previously published HSQC spectra, or the different C-terminal tail of TC-1.These
spectra mainly give signals corresponding to side chain protons, which helped to identify the
amino acid corresponding to a particular HSQC peak. Moreover, observed backbone signals

helped to follow the sequential order of the residues in the chemokines.

NMR RELAXATION PARAMETERS

The resonance assignments were used in the analysis and extraction of heteronuclear
NOE values as well as R and R, the peak intensity decay rates from T, and T, relaxation
experiments, respectively (Figure 3). 66 peaks were assigned and used for the analysis out
of a total 70 residues in NAP-2.The missing residues are: the N-terminus at Alal, where the
amino protons undergo fast exchange with the solvent; and Prol 6, Pro50, and Pro54, which
lack backbone amide protons. For TC-1, the same four residues are missing from the analysis
as well as Ala52 due to line broadening.

The R ,R,,and NOE have a constant value throughout most of the backbones of the NAP-
2 and TC-1 proteins. There are two regions in both NAP-2 and TC-| where these values
are significantly lower than the average, indicating fast motion on a ps-ns timescale: the long
loop between B-strands | and Il, specifically for the residues GIn33,Val34 and Glu35; and
the C-terminal tail following the &-helix, beginning around Alaé4.There are a few residues
in NAP-2 and TC-1 with higher than average R, values, indicating that these residues in
particular may undergo conformational exchange on a slower ps-ms timescale.

A few significant differences in the relaxation parameters for NAP-2 and TC-1 were found.
For example, the average R, value for TC-1 (9.09 s™') is greater than for NAP-2 (7.16 s').This
reflects slower tumbling for TC-1, which may be due to a higher population of TC-1 dimers
than NAP-2. Furthermore, the first few residues of TC-I have higher R ,R,,and NOE values,
indicating a higher order of structural stability, whereas the data for NAP-2 begins with Glu2
being more flexible than the remaining residues. The final major difference between the
two chemokines is in their C-terminal tails following the -helices. This can be attributed
to the difference in the sequences of the proteins in that region. The relaxation parameters
for NAP-2 and TC-| decrease starting at Ala64.The last residues of TC-1 continue with this
trend to show increased dynamic behaviour. In contrast, the additional residues of NAP-2,
specifically Ala69 and Asp70, show a significant increase in motional order more comparable
to the folded part of the protein, although those residues still belong to the C-terminal tail
that is more flexible.The latter result differs from previously reported "N dynamics data of
NAP-2 (24).In the published data, the C-terminal region becomes increasingly more dynamic
and flexible at the end.This result can be attributed to the extra C-terminal Tyr7| residue

that was present in the recombinant NAP-2 protein that was used in the earlier studies
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(24;32). This residue is not present in the parent PBP protein, and perhaps it was added so
that the protein concentration could be determined by UV absorbance spectroscopy. This
extra residue likely interrupts any interactions of the last residues of NAP-2 with the correct

sequence may have with another area of the protein, as our data suggests.

MODEL-FREE ANALYSIS

Fast model-free analysis (35) was used to fit the relaxation parameters according to the
Lipari-Szabo model-free dynamics formalism (30;31). From this procedure, the best value
for the molecular rotational correlation time, T , for NAP-2 and TC-1 were 5.5 and 6.0
ns, respectively. These values are greater than those determined for other chemokines of
the same size in monomeric form at the same field strength (500 MHz) at temperatures
lower than the one used here (310 K), specifically eotaxin (5.09 ns), eotaxin-3 (5.07 ns) and
stromal cell-derived factor-1 ¢ (5.04 ns) (38-40).Therefore, a significant amount of monomer-
dimer equilibrium is still ongoing in our NAP-2 and TC-| samples. The higher T for TC-|
compared to NAP-2 is reflected in the higher R, relaxation rate values and this indicates
the presence of more extensive dimerization for TC-1.This is mostly due to the nature of
the TC-1 chemokine itself, however it cannot be ruled out that the slightly higher protein
concentration in the NMR samples (0.4 and 0.6 mM for NAP-2 and TC-I, respectively)
contributes somewhat to the TC-| dimer formation.The model free analysis assigns each
residue spin into one of five models to describe the motion of the residue within the
context of the entire protein. Model assignment was possible for all residues of NAP-2 for
which relaxation data was available except for Ala52.The simplified Lipari-Szabo formalism,
model |, described by the S? order parameter alone, was sufficient to describe the relaxation
data for lle47. 18 residues belong to model 2 which incorporates an intermediate value of
T, (20 < T_ < 500 ps). 3 residues were assigned to model 3 which required inclusion of the
exchange broadening term R _, 22 residues required both T_and R_ terms to describe their
behaviour in model 4, and 18 residues were fit to model 5, which includes two timescales
of internal motion. For TC-1, model assignment was accomplished for all available residues
except for Glu2. A total of 4 residues from TC-| were assigned to model [, 38 residues to
model 2, and 20 residues to model 4.

The S? order parameters and R_ for relevant residues are plotted in Figure 4. The 10 %
trimmed means of S?for NAP-2 and TC-1 are 0.75 + 0.020 and 0.85 + 0.015, respectively,
pointing to the more dynamic character of NAP-2.The N-terminal segment of NAP-2 up to
Lys17 contains segments of higher flexibility than the protein’s regular secondary structure
elements. However, this is a much more restrained region than in SDF-l1x (38). This is

followed by higher S? values for the first B-strand. B-strands Il and Ill and the C-terminal
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®-helix all contain more continuous segments of high motional order, with the flexible loops
between the B-strands decreasing in the order parameters. Beyond the NAP-2 x-helix, the
order parameters of the C-terminal residues decrease greatly, however they increase again
for the last two residues,Ala69 and Asp70.The first 18 residues of TC-I together also have
somewhat lower values for their order parameters compared to the B-strands and &-helix.

However, these values as well as those for the first B-strand are higher and more consistent
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Figure 3.'H-'"*N NMR spin-relaxation data of (A) NAP-2 and (B) TC-1. The plots consist of heteronuclear
NOE ratios (top), R, (middle) and R, (bottom) relaxation rates.The secondary structure profiles beneath are based
on the solution structure of monomeric NAP-2 (Young et al., 1999).
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BACKBONE DYNAMICS OF NAP-2AND TC-I

than those of NAP-2. Loop | between the first two B-strands shows high dynamic behaviour,
specifically for residues GIn33,Val34 and Glu35. Unlike NAP-2 however, Loop Il of TC-I
between B-strands Il and Ill retains a high motional order. Starting after the X-helix at Leu
63, there is a steady decline in the S?values to the last residue of TC-I.

Respectively, 22 and 20 residues from NAP-2 and TC-I required a chemical exchange

parameter (R ) that describes a conformational exchange phenomenon occurring in the
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Figure 4. Model-free data for (A) NAP-2 and (B) TC-1. The plots consist of order parameters reflecting
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Ms to ms timescale. These were previously mentioned in regard to residues with high R,
relaxation rates. In NAP-2, the spins with particularly high R values are Lys9 and Cys3l,
the latter of which is involved in a disulfide bond. There are also four residues belonging
to the X-helix of NAP-2 with significant conformational exchange, perhaps due to a slight
movement of the X-helix with respect to the remainder of the protein. Such movements
have also been observed for other chemokines such as MIP-3& and SDF-l1&, and they
often accompany the monomer-dimer dissociation process (6;38). In TC-1, the spins with
particularly high R values are Cys31, again involved in a disulfide bond with Cys5, and
Lys42. Like NAP-2, four residues from the TC-| &-helix undergo conformational exchange,
probably again reflecting the monomer-dimer equilibrium. TC-1 also has a few residues
following the &-helix with increasing R values and therefore it shows movement of the

C-terminal tail between different conformations, something that is not observed for NAP-2.

Activated platelet cells play a major role in blood clot formation, wound healing and cytokine
signaling. Additionally, it is well known that antibacterial proteins are released from platelets
after thrombin activation of the platelets via protease-activated receptors (41;42). TC-1 has
been characterized as a C-terminal deletion product of NAP-2 (13). The loss of the two
carboxy-terminal amino acid residues, presumably through the activity of a carboxypeptidase,
represents a functional switch that turns TC-| into an active microbicidal and fungicidal
protein (13). To examine the structural basis for this phenomenon, backbone dynamics
experiments by NMR spectroscopy were carried out and analyzed using the Lipari-Szabo
model-free formalism.In Figure 5, the main chains of the NAP-2 and TC-1 structural models
are coloured according to S%.These derived order parameters are sensitive to local motions
on the ps-ns timescale. Overall, both proteins exhibit dynamic behaviour typical of other
chemokines (24;38-40), with an aperiodic flexible N-terminal segment encompassing the
first 15 or so residues that are most important for chemokine receptor binding as has been
found for other CXC chemokines (43;44). This is followed by ordered regular secondary
structure elements with the loop between the first two B-strands showing some flexibility,
and a flexible C-terminal segment past the X-helix.

The larger T for TC-1 compared to NAP-2 in the same solvent and temperature with
similar pH’s points to TC-I forming dimers more readily than NAP-2.The NAP-2 dimer, as
part of the tetrameric (dimer of dimers) complex solved by X-ray crystallography (23), is
shown in Figure 6. The dimer interface of NAP-2 involves hydrogen bonding between the
two B-I strands which run antiparallel to each other and the x-helices.The side chains of the
x-helix residues of both chemokines with conformational exchange R terms as determined

by model-free seem to be involved in establishing intra- and intermolecular contacts. The
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®-helix therefore seems to move as a unit and play a role in dimerization, with TC-I having
more residues with R terms in that segment. In vivo, NAP-2 and presumably TC-I are in
a monomer-dimer equilibrium and may even form oligomers, however NAP-2 binds as a
monomer to its chemokine receptors (22;45).

In the case of the chemokines SDF-1x (CXCL-12) and MIP-3x (CCL20), a pH-dependent
monomer-dimer equilibrium was observed in solution (6;46;47). The equilibrium was
governed by the protonation state of a His residue that resides in the interface of the dimer
structure. Neither of the two His residues of NAP-2 and TC-1| are located at the dimer
interface and hence, a similar pH dependence of the dimerization process is not expected.
The role of dimerization to promote antimicrobial activity may be due to the formation of
a large cationic solvent-exposed surface area across the antiparallel X-helices that is slightly
interrupted by GIné0 in both monomer subunits (Figure 7).This is a feature of antimicrobial
chemokines, which also contain hydrophobic surfaces (5). For the NAP-2 or TC-1 dimer,
there are hydrophobic patches on either side of the large cationic surface, however the
surface directly behind it contains some negatively charged and polar side chains.

Another major difference between the "N relaxation data of the chemokines occurs
exactly at the region of the amino acid sequence difference, the C-terminal tail. The last
two residues of NAP-2 are not as flexible as the residues that precede them whereas the
last residues of TC-I are clearly the most flexible. This supports the structures determined
for the X-helix peptides that show the last Asp residue of NAP-2. _ can fold back and
interact with the positively charged region of the &-helix (10). This does not occur with
TC-1

those last residues of NAP-2 are restrained by interactions with another area of NAP-

so.¢s YVithin the context of the entire chemokines, however, it remains possible that
2. Nevertheless, it is reasonable to assume that the negatively charged tail of NAP-2 is
involved in electrostatic interactions with the positively charged surface of the X-helix on
the molecule.This would effectively shield some of the chemokine’s exposed cationicity and
therefore reduce the possibility of NAP-2 interactions with the negatively charged bacterial
membranes and exerting any kind of antibacterial effect.This restrained C-terminal flexibility
was not observed in an earlier backbone dynamics experiments of NAP-2.This is thought to
be due to the extra C-terminal Tyr residue that was introduced in that study, which would
cause steric hindrance and prevent the preceding residues to have any interactions with the
rest of the protein. In contrast to NAP-2, the shortened C-terminal end of TC-I, while still
negatively charged with its sequence ending in Asp66, Glu67 and Seré68, is fully flexible and
solvent exposed.This would allow for exposure of a large, positively charged surface on TC-
I, particularly in a dimer form of the protein.

The "N backbone dynamics work here has revealed a basis for the emergence of the TC-1|
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antimicrobial activities after it has been converted from NAP-2.The less mobile two amino
acid extension of NAP-2 seems to mask a cationic surface on the protein, interfering with
the bactericidal action.The shortened tail of TC-1 is highly mobile and not restrained by any
other areas of the chemokine.TC-1I is also more likely to be able to form dimers than NAP-
2. Through this dimerization, a large, mostly continuous cationic surface is assembled, and
this promotes interactions with the negatively charged bacterial membranes. These results
may not be as evident if full structural determinations of the chemokines were pursued
because the focus is on a mobile region of a small protein, which may not provide many

observable signals for distance-dependent restraints.

A C-ler

a-helix

a-helix

N-ter
Figure 5.The backbone chains of (A) NAP-2 and (B) TC-1 with residues coloured

along a gradient according to their S? order parameters. Red and blue residues represent
high and low extremes in flexibility, respectively, with purple representing intermediate flexibility.
Residues for which no S2 values were assigned are coloured in grey.The structure models are based
on a combination of the NAP-2 crystal structure (PDB ID INAP) and the solution structures of the
corresponding XX-helix peptides solved by Nguyen et al., 2009.
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BACKBONE DYNAMICS OF NAP-2AND TC-I

Figure 6. NAP-2 dimer structure solved by X-ray crystallography. The two different views show the dimer
interface consisting of B-strand | and the &-helix as resolved by Malkowski et al., 1995 (PDB ID INAP).The side
chains of residues in the &-helix of TC-I with Rex terms are shown in grey.

Figure 7. (A) Electrostatic potential surface plot and (B) ribbon diagram of the NAP-2 dimer

(PDB ID INAP). In the electrostatic plot, the yellow line marks the division between the monomer subunits and
the large, positively charged patch is encircled. The ribbon diagram shows the dimer in the same orientation as in
(A) with positively charged side chains in blue, negatively charged side chains in red, and the bridging surface GIn60
residues in black, which slightly interrupt the large cationic surface.
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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.
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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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ABSTRACT

Biomaterial-associated infection (BAI) is the major cause of failure of indwelling medical
devices and are predominantly caused by staphylococci, especially Staphylococcus epidermidis.
We investigated the in vitro microbicidal activity of the synthetic antimicrobial peptide
Bactericidal Peptide 2 (BP2) and its efficacy in a murine S. epidermidis BAl model. BP2 showed
potent microbicidal activity at micromolar concentrations against a broad spectrum of
microorganisms, including antibiotic-resistant bacteria. Staphylocidal activity of BP2 was not
affected by physiological salt concentrations, and was only slightly affected by the presence
of human plasma. In the BAl model, injection of BP2 (5 mg/kg) | h after challenge with S.
epidermidis, resulted in an 80% reduction in the number of culture-positive implants and a
|00-fold reduction in survival of S. epidermidis in peri-implant tissue at 24 h post challenge.
When BP2 was injected along implants 3 h prior to bacterial challenge, the median numbers
of CFU cultured from biomaterial implants and peri-implant tissue was reduced by 85% and
90%, respectively. In conclusion, BP2 has potent, broad-spectrum in vitro microbicidal activity
and showed potent in vivo activity in a murine S. epidermidis biomaterial-associated infection

model.

52



INTRODUCTION

Biomaterial-associated infections (BAI) are the major cause of failure of indwelling medical
devices (1-3). Frequencies of BAIl vary from 0.1-1% for intraocular lenses to more than 20%
for catheters used in chronic ambulatory peritoneal dialysis (2;3). Presence of indwelling
medical devices is a major risk factor for nosocomial infections (4). Infection of catheters
often result in prolonged hospitalization, need for surgery with removal of the device,
and frequently even in death (5;6). In the US alone, approximately 2 million nosocomial
biomaterial-associated infections cost nearly $11 billion annually (4). Coagulase-negative
staphylococci, particularly Staphylococcus epidermidis are the major cause of BAI (1-3).

The pathogenesis of BAIl is a complex, multifactorial process, influenced by physicochemical
properties of the biomaterial, adherence of host proteins, bacterial virulence factors and
alterations of host defense (3;7). Production of extracellular polysaccharides (“slime”),
leads to formation of a biofilm by bacteria adherent to the biomaterial surface (8-10). This
biofilm is believed to facilitate bacterial persistence by impairing host defenses and impeding
antibiotic penetration (I1;12). Established implant infections are highly persistent despite
antibiotic treatment, and often necessitate removal of the implant (I;2). Persistence of S.
epidermidis in peri-implant tissue has also been demonstrated (7;13) and was associated with
abscess formation (7).

To prevent biomaterial-associated infections, antibiotic prophylaxis is recommended for
various medical conditions requiring biomaterial implants (14;15), but a major concern is the
development of resistance (|6-18). Therefore, new strategies for prophylaxis or treatment
of biomaterial-associated infections are required. A promising class of antimicrobial agents
are the cationic antimicrobial peptides (AMPs). These molecules are an important first line
of defense against microorganisms and have been identified in all living organisms studied,
including plants, insects, humans and other mammals (19).A general characteristic of AMPs
is an amphipathic structure with both hydrophobic and cationic domains (20-22). Most AMPs
are believed to directly target the negatively charged microbial cell membrane and mediate
killing by membrane disruption or pore-formation (21;23;24), though for some AMPs an
intracellular target is proposed (25-27).

Bactericidal Peptide 2 (BP2) is a small, synthetic antimicrobial peptide, designed based on
LPS-binding domains of various naturally occurring proteins, and has the structural elements
for an amphipathic conformation (28).The aim of the present study was to characterize the
antimicrobial spectrum of BP2 in vitro and to assess its potential for prevention or treatment

of murine experimental biomaterial-associated S. epidermidis infection.
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MATERIALS AND METHODS

PEPTIDES

BP2 (GKWKLFKKAFKKFLKILAC) was synthesized at Pepscan Systems (Lelystad, The
Netherlands) using solid-phase Fmoc (9-fluorenylmethoxycarbonyl) chemistry with a free
amine at the N-terminus and a free amide at the C-terminus. BP2 was HPLC-purified
and purity (>95%) and mass were confirmed by ionspray mass spectrometry. The lack of
disulphide formation between free cysteines of BP2 was confirmed by Q-TOF/MS analysis.
Human neutrophil defensins isolated from neutrophil granules as a mixture of HNP-1,-2 and
-3 (29), and synthetic cathelicidin LL-37 (30) were a kind gift of Dr. PS. Hiemstra (Leiden).

MICROORGANISMS

Microbicidal activity of BP2 was assessed against Bacillus subtilis ATCC6633, Escherichia coli
ML-35 (31), Staphylococcus aureus 42D (32), Staphylococcus epidermidis RP62a (ATCC 35984),
Streptococcus oralis J30 (33), Burkholderia cepacia ATCC 25416 and against clinical isolates
of Pseudomonas aeruginosa, Klebsiella pneumoniae, Proteus mirabilis, Bacteroides fragilis, Brucella
abortus, enteropathogenic E. coli, Clostridium perfringens, methicillin-susceptible and -resistant
isolates of S. epidermidis and S. aureus and vancomycin-susceptible and —resistant isolates of
Enterococcus faecium. Candida albicans and Cryptococcus neoformans clinical isolates were used
to test fungicidal activity.

Oxacillin susceptibility of S. aureus and S. epidermidis isolates and vancomycin susceptibility
of E. faecium isolates were determined by Etest (AB Biodisk, Solna, Sweden) according to

manufacturers’ instructions.

ANIMALS

Specific-pathogen-free C57BL/6 mice (Harlan, Horst, The Netherlands),6 to 8 weeks old
and weighing |5 to 20 g, were used. Mice were housed in individual cages in a pathogen-free
environment,and provided with sterile food and water.The Animal Care and Use Committee

of the University of Amsterdam approved all experiments.

PLASMA

Fresh blood was obtained from healthy volunteers using 8 ml citrate Vacutainer tubes (BD
Vacutainer Systems, Franklin Lakes, NJ, USA). Plasma was obtained after centrifugation at
800xg for 20 min.
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MICROBICIDAL ASSAYS

Microbicidal activity of BP2 was quantified with a Minimal Bactericidal/Fungicidal
Concentration assay (MBC/MFC). Overnight cultures in Trypticase soy broth (TSB; Difco,
Detroit, MI, USA) were diluted 100-fold in fresh TSB and cultured for 3 h at 37 °C. B. abortus
was grown in the presence of 5% CO,, C. perfringens and B. fragilis were grown anaerobically
and all other bacteria were cultured aerobically. Fungi were cultured for 48 h at 30°C in 0.7%
(w/v) yeast nitrogen base (YNB; Difco), supplemented with 0.15% (w/v) L-asparagine (Merck,
Darmstadt, Germany) and |% (w/v) glucose (Merck). Bacteria and fungi were washed twice
with 10 mM phosphate buffer pH 7.0 +0.03% (w/v) TSB, the OD at 620 nm was measured,
and the bacteria and fungi were diluted to 2x10® CFU/ml in 10 mM phosphate buffer pH
7.0 +0.06% (w/v) TSB (incubation buffer), based on an established relationship between
optical density and numbers of CFU.Twenty-five microliter aliquots of 2-fold serially diluted
BP2 were prepared in a low protein binding polypropylene microtiter plate (Costar, Corning,
NY, USA).To each of the wells, 25 pl bacteria or fungi were added. After 2h of incubation
on a rotary shaker at 150 rpm at 37 °C (bacteria) or 30 °C (yeasts), duplicate 10 pl aliquots
were plated on blood agar plates. Microbicidal activity was assessed after 24 h (bacteria) or
48 h (fungi). MBC/MFC was defined as the lowest concentration of BP2 at which <0.1% of
an inoculum of 10¢ CFU/ml survived after 2h of exposure.All experiments were performed
at least in duplicate.

To study killing kinetics, inocula and BP2 were prepared as described above. At sampling
time points, |0 ml samples were mixed with 20 ml aliquots of 0.05% (w/v) of the polyanionic
agent sodium polyanetholesulfonate (SPS), which instantly neutralized BP2. SPS did not affect
viability of the microorganisms tested. The number of viable microorganisms was assessed
by quantitative culture of serial 10-fold dilutions in incubation buffer.

To determine the influence of human plasma on BP2 activity, bacterial suspensions were
diluted to 107 CFU/ml in incubation buffer,and 10 pl aliquots were added to 80 pl of various
concentrations of human plasma prepared in incubation buffer.Ten microliter aliquots of BP2

were added and killing kinetics was determined as described above.
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EXPERIMENTAL BIOMATERIAL-ASSOCIATED INFECTION MODEL

BIOMATERIAL IMPLANTS
In a laminar flow cabinet, one-centimeter-long segments of polyvinylpyrrolidone-grafted silicon
elastomer catheters (SEpvp; Bioglide Medtronic PS Medical, Goleta, CA), with an external

diameter of 2.5 mm and a wall thickness of 0.6 mm were cut and stored in sterile petridishes.

S. EPIDERMIDIS RP62A INOCULUM

S. epidermidis strain RP62a (ATCC 35984) was used as the challenge strain. This strain is
capable of producing slime, determined as described by Christensen et al. (34). A log phase
culture of S. epidermidis RP62a in TSB was centrifuged at 3,000%g for 10 min, and the pelleted
bacteria were washed twice with 50 ml of sterile pyrogen-free 0.9% NaCl (saline; Baxter,
Lessines, Belgium). After the final centrifugation,the pellet was resuspended in saline, the
optical density at 620 nm was measured, and the suspension was diluted to 4x10” CFU/ml in

saline. Twenty-five microliters of this suspension (10® CFU) was used as inoculum.

SUBCUTANEOUS BIOMATERIAL IMPLANTATION AND ADMINISTRATION
OF THE BACTERIAL INOCULUM.

Mice were anesthetized by intraperitoneal injection with an FFM mix (I ml of Hypnorm
[fentanylcitrate {Fluanisone}], | ml of Midazalam,and 2 ml of distilled water; 0.07 ml mix per
|0 g of body weight) and placed in a laminar flow cabinet. The back of the mice was shaved
and disinfected with 70% ethanol. On each side an incision of 0.3 cm was made | cm lateral
to the spine. Subsequently, |-cm-long SEpvp segments were implanted subcutaneously with
minimal tissue damage, using a transponder.The incisions were closed with a single 0/6 vicryl
stitch (35).

In the treatment protocol, the S. epidermidis inoculum was injected along the implants
immediately following surgery. One hour later, BP2 (5 mg/kg, 50 pl) was injected along the
implants. In the prophylaxis protocol, BP2 (5 mg/kg, 50 pl) was injected along the implants
immediately after implantation, and 3 h later the inoculum (25 pl) was injected along the
implants. All injections were performed with a highly accurate repetitive injector (Stepper
model 4001-025; Tridak Division,Brookfield, Conn.).

SAMPLE COLLECTION
At | day after challenge, mice were anesthetized with an FFM mix and subsequently sacrificed
by cardiac puncture.Standardized biopsies (12 mm diameter) were taken from the implantation

sites as described previously (36). Each biopsy included skin, subcutaneous tissue, and the
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implant.The biomaterial implants were separated from the tissue, rinsed twice with [0 ml
pyrogen-free saline and placedin a sterile tube containing | ml of 0.9% NaCl.The tissue samples
were placed in a tube and weighed, and a volume of saline corresponding to four times the

weight was added. The weight of the tissue samples varied between 60 and 250 mg.

QUANTITATIVE CULTURE OF BIOMATERIAL IMPLANTS

Tubes containing the implants in 0.5 ml of NaCl were sonicated for 30 sec. in a waterbath
sonicator (Elma Transsonic T460, 35 kHz; Singen, Germany) to dislodge adherent bacteria.
The number of viable S. epidermidis was assessed by quantitative culture of serial |0-fold
dilutions of this sonicate. In addition, the sonicated implants were cultured in 80 ml of
modified thioglycolate broth (TB), consisting of 3% (w/v) thioglycolate containing 0.03%
(w/v) polyanetholesulfonic acid,| M NaOH, and 0.5% Tween 80, for 72 h at 37°C. Antibiotic
susceptibilities, as reported previously (35), were used to confirm the identity of bacteria
cultured from biomaterial implants and tissue homogenates. A value of 5 CFU per I-cm
biomaterial implant was assigned to implants of which the sonicates did not yield growth on
blood agar plates, but that were culture-positive in broth.For representation on a logarithmic

scale,a value of | CFU per biomaterial implant was assigned when no growth occurred at all.

QUANTITATIVE CULTURE OF THE HOMOGENATES

Tubes containing the tissue samples in saline were homogenized on ice with a tissue
homogenizer (Tissue Tearor model 985-370; Biospec Products, Bartlesville, OK). Before each
homogenization, the homogenizer was carefully cleaned,disinfected in 0.4% (w/v) sodium
hypochlorite followed by 70% alcohol, and rinsed with sterile water and saline. Homogenates
were |0-fold serially diluted and cultured as described for the sonicates of implants. In
addition, one-tenth of the homogenate was cultured in 80 ml TB for 72 h at 37°C. The
number of cultured S. epidermidis RP62a is expressed in CFU per biopsy.A value of 10 CFU
was assigned when S. epidermidis was cultured in TB, but not on blood agar plates. For
representation on a logarithmic scale, a value of | CFU per biopsy was assigned when no

growth occurred at all.

STATISTICAL ANALYSIS

Numbers of bacteria cultured from biopsies or implants are expressed as median values.
Two-sample comparisons were made using a two-tailed Mann-Whitney Rank Sum test. The
significance of differences between the frequencies of categorical variables was determined

using the Fishers Exact test. For all tests, a P-value of <0.05 was considered significant.
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RESULTS

BP2 HAS BROAD-SPECTRUM MICROBICIDAL ACTIVITY INVITRO

The microbicidal activity of BP2 in vitro was tested against a wide panel of gram-positive and
-negative bacteria and yeasts, using a Minimal Bactericidal/Fungicidal Concentration (MBC/
MFC) assay. BP2 had potent and broad-spectrum microbicidal activity, similar to that of the
highly potent LL-37 and approximately 4-fold higher than HNPI-3, with MBC/MFC values
in the low micromolar range for most test microorganisms (Table |). Only Proteus mirabilis
and Burkholderia cepacia, known to be resistant to other cationic antimicrobial peptides,
were not killed by 30 mM BP2. Staphylococcus epidermidis RP62a, the strain used in our
experimental biomaterial-associated infection model, was highly susceptible to BP2 with an
MBC value of | mM. In addition, antibiotic-resistant strains of S. epidermidis, Staphylococcus
aureus and Enterococcus faecium had MBCs for BP2 similar to those of antibiotic-sensitive
strains (Table ).

TABLE |. Microbicidal spectrum of BP2.

Microorganisms MBC/MFC=* (uM)
BP2 LL-37 HNPI-3

gram-negative bacteria
Escherichia coli (EPEC)
Escherichia coli ML-35
Pseudomonas aeruginosa
Klebsiella pneumoniae
Proteus mirabilis
Burkholderia cepacia
Bacteroides fragilis
Brucella abortus

2 > |5

V

o o

\Y
A DA WWDHhONDN

gram-positive bacteria
Bacillus subtilis ATCC6633 | 0.5 4
Clostridium perfringens |
Staphylococcus aureus 42D 2
Streptococcus oralis J30 4
Enterococcus faecium 4
|

Staphylococcus epidermidis RP62a

methicillin-sensitive S. aureus 2;2;2
methicillin-resistant S. aureus 2;2;2;2
methicillin-sensitive S. epidermidis 1;2;8
methicillin-resistant S. epidermidis 152,2;4,4, 4,4
vancomycin-sensitive E. faecium 4;8;8
vancomycin-resistant E. faecium 4;,4;8;8

yeasts
Candida albicans 15
Cryptococcus neoformans 4 8 > |5

@ Minimal Bactericidal/Fungicidal Concentration; defined as the lowest concentration of BP2 that killed 99.9% of an
inoculum of 10¢ CFU/ml within 2 h.
® A | micromolar concentration of BP2 corresponds to 2.3 ug/ml

58



KINETICS OF MICROBICIDAL ACTIVITY OF BP2

Kinetics of the microbicidal activity of BP2 for Escherichia coli, Bacillus subtilis, S. aureus, S.
epidermidis and Candida albicans at concentrations between 0.25 and 4 times the MBC/MFC
were determined (Fig. |). At or above the MBC, inocula of E. coli, B. subtilis, S. aureus and C.
albicans were completely killed within | min. Incubation with 0.25-0.5 times MBC resulted
in about 100-fold reduction in numbers of CFU within 15 min., after which no additional
microbicidal activity was detected. For S. epidermidis concentration-dependent kinetics of
killing was observed; at 4 times the MBC the entire inoculum was killed within 5 min. while
at | time MBC this required 2 h of incubation.

E. coli

N W R OO N

0 30 60 90 120

B. subtilis S. epidermidis

Figure |. Kinetics of killing of

log CFU/mI

N W OO N
N WA OO N

microorganisms by BP2. E. coli
ML-35, B. subtilis ATCC 6633, S.
aureus 42D, S. epidermidis RP62a
and a C. albicans clinical isolate S. aureus

| =3

13

0 30 60 90 120 0 30 60 90 120

were exposed to 0.25 (circles),
0.5 (diamonds), | (triangles, top
up), 2 (triangles, top down) and
4 (squares) times the MBC of

N Wb oo N
N Wb OO N

BP2.Mean survival in CFU/ml was

assessed at the indicated time 0 éo éo 9'0 120 0 3lO éo QIO 1é0
points. time (min) time (min)

INFLUENCE OF PHYSIOLOGICAL CONCENTRATION OF NaCl AND OF
PLASMA ON BACTERICIDAL ACTIVITY OF BP2

To assess the potential of BP2 for in vivo application, bactericidal activity was determined
in the presence of physiological concentrations of NaCl. The MBC of BP2 for S. epidermidis
in 10 mM phosphate buffer and in PBS were both 2 mM, indicating that a physiological salt
concentration did not reduce the bactericidal activity of BP2. Similarly, the MBC of BP2 for
S.aureus was | pM in 10 mM phosphate buffer as well as in PBS.

59



Bactericidal activity of BP2 was also assessed in presence of human plasma. Killing of
S. epidermidis by BP2 at its MBC was inhibited by 250% plasma (Fig. 2). However, when
incubated with BP2 at a concentration of 5 times MBC, the entire S. epidermidis inoculum
was killed within 30 min, irrespective of the concentration of plasma (up to 75%; Fig. 2). At
the MBC, bactericidal activity of BP2 against S. aureus was inhibited by 25% plasma (Fig. 2),
but at 5 times the MBC, S. aureus was completely killed within | h at all concentrations of
plasma tested (Fig. 2). So, at 5 times MBC, staphylococci were rapidly killed by BP2 despite

the presence of up to 75% plasma.

S. epidermidis RP62a S. aureus 42D
6 E\FM 6 N
5 5 w
4 4 no BP2
3 3
2 2
0 30 60 90 120 0 30 60 90 120
_ 6 6
§ 5 5
1x MBC
S 4 4
g 3 3
2 2 H £l
0 30 60 90 120 0 30 60 90 120
6 6
5 5
A 4 5x MBC
3 3
2 2
0 30 60 90 120 0 30 60 90 120
time (min)

Figure 2. Influence of plasma on bactericidal activity of BP2. S. epidermidis RPé2a and S. aureus 42D
were incubated with various concentrations BP2 in the absence (squares), 25% (triangles, top up), 50% (triangles,
top down) or 75% (diamonds) of freshly prepared human plasma. Mean (+ SD) survival in CFU/ml of S. epidermidis
RP62a and S. aureus 42D incubated without BP2, Ix MBC or 5x MBC of BP2 are shown.
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TREATMENT OF EXPERIMENTAL BIOMATERIAL-ASSOCIATED
S. EPIDERMIDIS INFECTION IN MICE WITH BP2.

The in vivo efficacy of BP2 was first tested in a treatment model for biomaterial-associated
infection. BP2 (5 mg/kg) or saline was injected along the subcutaneous implants | h after
challenge with 10° CFU of S. epidermidis RP62a. Mice were sacrificed after 24 h and bacterial
survival on implants and in peri-implant tissues were assessed.

In the saline control group, || (61%) of 18 biomaterial implants were culture-positive for S.
epidermidis (Fig. 3). Treatment with BP2 reduced the number of culture-positive implants to
2 (12%) of 17 (Fig. 3; P=0.0064).The implants from the BP2-treated mice yielded significantly
lower numbers of CFU than those from the control mice (P=0.0348).

In the control group, bacteria were recovered from all peri-implant tissues, while no bacteria
were recovered in the BP2-treated group for 6 (35%) of 17 biopsies (Fig. 3; P= 0.0076).The
median numbers of CFU cultured from peri-implant tissue of BP2-treated mice, and saline
controls were 10 and 760 CFU/biopsy, respectively (Fig. 3; P=0.0012).

Thus, BP2 effectively reduced the numbers of culture-positive implants and the numbers of
CFU of S. epidermidis RP62a cultured from peri-implant tissue in the treatment model for S.

epidermidis biomaterial-associated infection.

Implant Tissue
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cult. pos. 11/18 217 18/18 1117
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Figure 3. Efficacy of BP2 in treatment of S. epidermidis biomaterial-associated infection.

One hour after implantation of biomaterials and challenge with 10¢ CFU of S. epidermidis RP62a, mice received
an injection of 50 pl saline or BP2 (5 mg/kg) subcutaneously along each implant. Mice were sacrificed after 24
h and numbers of CFU adherent to the implants and present in peri-implant tissue were assessed. Two-sample
comparisons were made using a two-tailed Mann-Whitney Rank Sum test. The significance of differences between

the frequencies of categorical variables was determined using the Fishers Exact test.
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PROPHYLAXIS WITH BP2 AGAINST EXPERIMENTAL BIOMATERIAL-
ASSOCIATED S. EPIDERMIDIS INFECTION IN MICE

To assess the efficacy of BP2 in a prophylaxis regime, BP2 was injected along the subcutaneous
implants at 3 h prior to challenge with 10¢ CFU of S. epidermidis RP62a.As in to the treatment
model, mice were sacrificed 24 h after injection and bacterial survival was assessed.

In the saline control group, 10 (56%) of I8 implants were culture-positive for S. epidermidis
(Fig. 4), whereas 5 (28%) of 18 implants were culture-positive in the group having received
BP2 prophylaxis (NS, P=0.1756).The implants from the BP2-treated mice yielded significantly
lower numbers of CFU than those from the control mice (Fig. 4; P=0.0046).

In the control group, bacteria were recovered from all peri-implant tissues, and in the BP2-
treated group 16 (89%) of 18 samples were culture-positive (Fig. 4; NS, P=0.4857). Median
survival of S. epidermidis in peri-implant tissue was reduced from 3.2x103 CFU/biopsy for
the saline controls to 363 CFU/biopsy after prophylactic administration of BP2 (P=0.0104).

Implant Tissue
P=.1756 P=.4857
cult. pos. 10/18 5/18 18/18 16/18
(%) 56 28 100 89
P=.0046 P=.0104
61 > 6
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Figure 4. Efficacy of BP2 in prophylaxis against S. epidermidis RP62a biomaterial-associated infection.
SEpvp biomaterial segments were subcutaneously implanted in C57BL/6 mice and BP2 (5 mg/kg) or saline were
injected along the implanted segments 3 h prior to challenge with 106 CFU of S. epidermidis RP62a. Mice were
sacrificed after 24 h and numbers of CFU adherent to the implants and present in peri-implant tissue were
assessed. Two-sample comparisons were made using a two-tailed Mann-Whitney Rank Sum test.The significance of

differences between the frequencies of categorical variables was determined using the Fishers Exact test.
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DISCUSSION

Biomaterial-associated infections, most frequently caused by S. epidermidis, are the major
cause of failure of indwelling medical devices. Antibiotic strategies for treatment or
prophylaxis of BAI often fail. In addition, frequent use of antibiotics increases the risk for
development of bacterial resistance. Therefore, development of novel therapeutic agents to
combat BAI is required. Antimicrobial peptides, with potent broad-spectrum microbicidal
activity and low risk for development of resistance are promising candidates. In the present
study, we demonstrated that BP2 has potent broad-spectrum microbicidal activity in vitro,
including activity against antibiotic-resistant staphylococci and enterococci. We show that
BP2 is more active than HNP1-3 and as active as LL-37, a highly potent human antimicrobial
peptide. Unlike LL-37 (37) and HNPI-3 (38;39), microbicidal activity of BP2 is not inhibited
by physiological salt concentrations, stressing the potential of BP2. In a murine model for S.
epidermidis biomaterial-associated infections, BP2 proved to be an interesting candidate for
therapeutic applications.A single dose of BP2 injected locally | h after, or 3 h prior to bacterial
challenge, significantly reduced adherence of S. epidermidis to implanted biomaterials, as well
as peri-implant tissue colonization.In the in vitro assay, all gram-positive bacteria tested were
highly susceptible to BP2, with MBCs of <4 pM, and most gram-negative bacteria were also
susceptible, with MBCs of <8 uM. P. mirabilis and B. cepacia, which are known to be inherently
resistant to AMPs (40;41), were indeed also resistant to BP2 up to a concentration of at
least 30 pM. Antibiotic-resistant clinical isolates of S. aureus, S. epidermidis and E. faecium
strains were as susceptible to BP2 as antibiotic-sensitive isolates, offering prospect for BP2
as a novel antimicrobial agent. In addition, BP2 almost instantaneously killed E. colj, B. subtilis,
S. aureus, S. epidermidis and C. albicans. Moreover, the microbicidal activity of BP2 was not
reduced at physiological salt concentrations in vitro, and its activity was only slightly affected
by human plasma. Based on these promising characteristics, we assessed the potential for
application of BP2 in vivo, in a murine model of biomaterial-associated infection.

We used an established murine model for biomaterial-associated infection, in which injection
of 10® CFU S. epidermidis along SEpvp segments implanted subcutaneously in C57BI/6 mice
causes persistence of >3000 CFU of S. epidermidis in peri-implant tissue and low numbers
of S. epidermidis adhering to biomaterial implants for at least 2 days, and persistence of low
numbers of bacteria in the tissue for up to 60 days (35). Recent studies at our laboratory
with different strains of S. epidermidis, different biomaterials, and different strains of mice
have shown that the peri-implant tissue in all cases is the predominant site of S. epidermidis
infection (C.A.N. Broekhuizen, personal communication). This indicates that survival of

bacteria in peri-implant tissue may also be an important determinant in the pathogenesis of BAI.
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Administration of BP2 | h after challenge with S. epidermidis resulted in an almost 100-
fold reduction in the median numbers of CFU in peri-implant tissues compared to the
control group, demonstrating potent bactericidal activity of BP2 in vivo. In addition, nearly all
biomaterial implants (88%) were completely culture-negative at 24 h after BP2 treatment,
whereas in the control group the majority (61%) was still culture-positive.

Since little is known about pharmacokinetics of BP2, we wondered whether BP2 would also
be effective when administered prior to bacterial challenge. When BP2 was injected 3 h prior
to challenge with S. epidermidis, most biomaterial implants (72%) were completely culture-
negative 24 h later, whereas still 56% of the control implants contained viable adherent
bacteria. In addition, an approximately [0-fold reduction in median numbers of CFU in
peri-implant tissue was achieved. Although slightly less effective compared to the treatment
protocol, BP2 clearly had potent bactericidal activity when administered prophylactically,
several hours prior to bacterial challenge, indicating good peptide stability in vivo.VWWe choose
to administer BP2 at the site of infection as a strategy for prevention or treatment of
BAI, since these infections usually are caused by bacteria contaminating the implant during
insertion or implantation. As tissue distribution of BP2 is as yet unknown, the potential of
BP2 for other than local application remains to be determined.

AMPs are increasingly being tested for their clinical potential in various animal models and
also in clinical trials (42-45). In only a limited number of studies the application of AMPs
for prevention or treatment of BAI has been assessed. Omiganan (MBI-226), a synthetic
analogue of bovine neutrophil indolicidin (46), has advanced to clinical trials for prevention
of catheter-related bloodstream infections. Exit-site application of a 1% gel formulation of
this antimicrobial peptide significantly reduced catheter colonization and catheter-related
local infections in a Phase llla study (43).A confirmatory Phase llIb study to assess whether
omiganan can reduce the frequency of catheter-related bloodstream infections has been
initiated (47). Prophylactic efficacy of the antimicrobial peptides temporin A (48) and a
derivative of dermaseptin (49) in a subcutaneous rat model has been reported.When dacron
grafts were pre-soaked in a solution containing 50 mg/l of the dermaseptin derivative prior
to infection with S. epidermidis or S. aureus, there was no evidence of bacterial colonization
of grafts at 7 days post infection, compared to >10° CFU/cm? for untreated controls (49).
In a similar experiment, presoaking with 10 mg/l temporin A resulted in >3-log reduction
in bacterial colonization (50). Clearly, antimicrobial peptides have potential for therapeutic
application in biomaterial-associated infections.

The present study demonstrated that local injection of BP2 strongly reduced survival of S. epidermidis
in peri-implant tissue and colonization of biomaterial implants. In addition, other applications of BP2

for prevention of BAl could be developed, such as coating of biomaterials or use in exit-site dressings.
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ABSTRACT

Antibiotic resistance among microbes urgently necessitates the development of novel
antimicrobial agents. Since ancient times, honey has been used successfully for treatment
of infected wounds because of its antibacterial activity. However, large variations in the in
vitro antibacterial activity of various honeys are reported, and hamper its acceptance in
modern medicine.We assessed the in vitro bactericidal activity of Revamil® a medical-grade
honey produced under controlled conditions, and assessed its efficacy in a within-subject
controlled trial for reduction of forearm skin colonization in healthy volunteers.With Bacillus
subtilis as a test strain, we demonstrated that the variation in bactericidal activity of |1
batches of medical-grade honey was less than 2-fold. Antibiotic-susceptible and —resistant
isolates of Staphylococcus aureus, Staphylococcus epidermidis, Enterococcus faecium, Escherichia
coli, Pseudomonas aeruginosa, Enterobacter cloacae and Klebsiella oxytoca were killed within 24
hours by 10-40% (v/v) honey. After two days of application of honey, the extent of forearm
skin colonization in healthy volunteers was reduced 100-fold (P<.0001) and numbers of
positive skin cultures were reduced by 76% (P<.0001). In conclusion, Revamil® medical-
grade honey offers prospect as a topical antimicrobial agent to prevent or combat infections,

including those caused by multiresistant bacteria.
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INTRODUCTION

Antibiotic-resistant bacteria pose a very serious threat to public health (1;2). For all kinds
of antibiotics, including the major last resort drugs, frequencies of bacterial resistance
are increasing worldwide (1;2). Even more alarming, very few new antibiotics are being
developed as many large pharmaceutical companies have abandoned the field of antibiotic
drug discovery (3).Therefore, alternative antimicrobial strategies are urgently needed.
Since ancient times, honey has been known to possess antimicrobial as well as wound
healing activity (4-6). Microbial resistance against honey has never been reported, which
makes it a very promising topical antimicrobial agent. Indeed, the in vitro activity of honey
against antibiotic-resistant bacteria (7-9) and reported successful application of honey in
the treatment of chronic wound infections not responding to antibiotic therapy (5) have
attracted considerable attention (10-12).

At present, the evidence for honey as an effective antimicrobial agent is limited. Although
in randomized controlled trials efficacy of honey in burns and post-operative wounds
was demonstrated, these studies concerned small numbers of patients and/or lacked well
defined end-points (13;14), or honey was used as a last resort medication where standard
treatments had failed (5). Furthermore, there is large variation in antimicrobial activity of
honeys collected from natural environments (15;16), which is a concern in view of clinical
applications (14).

Revamil® medical-grade honey is produced by bees in closed greenhouses.We assessed the
batch-to-batch reproducibility and the bactericidal spectrum of this medical-grade honey in

vitro,and tested its efficacy to reduce microbial skin colonization of healthy human volunteers.
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MATERIALS AND METHODS

HONEY

A CE-marked standardized medical-grade honey (Revamil®, Bfactory, Wageningen, The
Netherlands) was used in all experiments. Concentrations of honey are expressed as the
percentage of honey volume per total volume (v/v). For the study with volunteers, graduated

gamma-sterilized syringes were used.

MICROORGANISMS

Bactericidal activity of medical-grade honey was assessed against the following microorganisms:
Escherichia coli ML-35 (17), Pseudomonas aeruginosa PAOI| (ATCC 15692), clinical isolates
of Enterobacter cloacae and Klebsiella oxytoca, extended-spectrum beta-lactamase (ESBL)-
producing strains of all the above mentioned species, gentamicin-resistant E. coli, methicillin-
susceptible and -resistant strains of S. epidermidis and S. aureus and vancomycin-susceptible
and —resistant strains of Enterococcus faecium.

Oxacillin susceptibility of S. aureus and S. epidermidis strains and vancomycin susceptibility
of E. faecium strains were determined by Etest (AB Biodisk, Solna, Sweden) according to

manufacturers’ instructions. ESBLs were identified as described by Al Naiemi (I8).

MICROBROTH DILUTION ASSAY

Bactericidal activity of honey was quantified with a microbroth dilution assay. Bacteria from
logarithmic phase cultures in trypticase soy broth (TSB; Difco, Detroit, MIl, USA) were
washed twice with incubation buffer (10 mM phosphate buffer pH 7.0 +0.03 % (w/v) TSB)
and diluted to 5x10° colony-forming units (CFU)/ml in this buffer based on optical density.
Prior to each experiment a 50% (v/v) solution of honey (density 1.4 g per ml) in incubation
buffer was freshly prepared.Twenty microliter aliquots of bacterial suspensions were mixed
with 80 microliter aliquots of various concentrations of honey, and incubated on a rotary
shaker at 150 rpm at 37 °C. At indicated time points, duplicate 10 pl aliquots of undiluted
and 10-fold serially diluted incubation mixtures were spotted on blood agar. The plates were

incubated at 37 °C and inspected for growth after 24 h.

HONEY TO REDUCE SKIN COLONIZATION IN HEALTHY VOLUNTEERS
STUDY DESIGN

We investigated the potential of medical-grade honey to decrease forearm microbial skin
colonization of healthy volunteers. The study protocol was approved by the Academic

Medical Center Amsterdam Research Ethics Committee. Forty-two healthy adult volunteers
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were recruited for the study in September and October 2006. Written informed consent
was obtained from all volunteers before inclusion. Exclusion criteria were infectious skin
diseases or other skin diseases that can be considered to influence colonization.

Two patches of skin (2 cm in diameter) of the left forearm were sampled with 0.9% NaCl
(saline)-moistened cotton swabs. A volume of 0.5 ml of honey was applied to one of these
patches, covering an area of approximately 2 cm in diameter. Transparent polyurethane
dressing (Tegaderm, 3M Health Care, Neuss, Germany) was applied to the honey-covered
and control skin patches.After 2 days, the honey was collected using dry cotton swabs and
the skin patches were sampled using moistened cotton swabs. Skin colonization was defined

as the presence of a total of > 5 CFU in the collected honey and skin swab.

IDENTIFICATION OF BACTERIAL SKIN MICROFLORA

Identification of bacterial isolates from honey-treated skin patches was carried out by 16S
rRNA gene sequencing. Single colonies were suspended in 100 pl of demineralized water, and
the suspension was boiled for 10 minutes and centrifuged at 14,000 rpm for 3 min. Five pl of
the supernatant served as template for PCR amplification of approximately 900 bp of the rRNA
gene using primers P515F and P13B (19),in 25 cycles of 95°C for | min,62°C for | min,and 72
°C for 2 min,and a final extension for 10 min at 72°C.The PCR products were sequenced with
primers P515F and P13B using the ABI PRISM Big Dye Terminator cycle sequencing kit version
2.0 (Applied Biosystems, Warrinton, UK), and overlapping sequences from both strands were
aligned and inspected with the software package CodonCode 1.5.2.The Ribosomal Database
Project Il from the Center of Microbial Ecology (http://rdp.cme.msu.edu/classifier/classifier.jsp)
was used for identification of the bacteria at the genus level. The coagulase tube test was used

to discriminate between S. aureus and coagulase-negative staphylococci.

STATISTICS

The percentages of culture-positive skin swabs of honey-treated and control skin patches
in the volunteer study were analyzed with the McNemar’s test for matched case-control
studies. Univariate analyses by paired Wilcoxon rank sum test were performed to investigate
the significance of differences in numbers of CFU (GraphPad Prism v. 4.03 and www.

graphpad.com/quickcalcs).
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RESULTS

BATCH-TO-BATCH REPRODUCIBILITY OF BACTERICIDAL ACTIVITY OF
REVAMIL® MEDICAL-GRADE HONEY

We compared the activity of | | batches of Revamil® honey in a microdilution assay with B.
subtilis as the target microorganism. Bactericidal activity varied less than 2-fold between all
batches (Fig. I).
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Figure |. Bactericidal activity of | | batches of Revamil® medical-grade honey against Bacillus subtilis.
B. subtilis was incubated for 2 hours in 0-40% honey with 5% incremental steps. The highest dilutions of honey
causing a 1000-fold reduction in numbers of CFU are indicated as mean +SEM values of independent triplicate

incubations.

ACTIVITY OF HONEY AGAINST GRAM-POSITIVE BACTERIA

Antibiotic -susceptible and -resistant strains of S. aureus, S. epidermidis and E. faecium were
exposed to dilutions of honey (Fig. 2). Methicillin-susceptible (MSSA) and -resistant (MRSA)
S. aureus isolates were equally susceptible to honey (Fig. 2). At 40% (v/v), honey completely
killed the inocula of all isolates tested,and 20% honey had potent bactericidal activity against
all MRSA and 2 of 3 MSSA isolates (Fig. 2).

S. epidermidis was even more susceptible as inocula of all isolates tested were completely
killed by 10% honey. As for S. aureus, there were no marked differences in susceptibility
between methicillin-susceptible and -resistant isolates (Fig.2). For E. faecium, incubation
in 30% honey resulted in a marked reduction in numbers of CFU for all isolates tested,

including antibiotic-susceptible as well as -resistant isolates (Fig. 2).
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Figure 2. Susceptibility of gram-positive bacteria to honey. Methicillin-susceptible and -resistant isolates
of S. aureus (MSSA and MRSA, resp.) and S. epidermidis (MSSE & MRSE, resp.) and of vancomycin-susceptible and
-resistant isolates of E. faecium (VSEF & VREF, resp.) were exposed to indicated concentrations of honey for 24 h,

after which survival was determined quantitatively as CFU/ml.

ACTIVITY OF HONEY AGAINST GRAM-NEGATIVE BACTERIA

Nearly all gram-negative bacteria tested, including the extended-spectrum beta-lactamase
(ESBL)-producing strains, were killed after 24h of incubation in 20% honey (Fig. 3). Only
for the antibiotic-susceptible Enterobacter cloacae and antibiotic-resistant Klebsiella oxytoca

(ESBL-producing strain) at least 30% honey was required for killing of the entire inocula
(Fig. 3).

75



>

antibiotic-resistant antibiotic-susceptible

log CFU/m

NWHOON®O© o

NWHEODN®DO

0 10 20 30 40 0 10 20 30 40

% honey (v/v)

Figure 3. Susceptibility of various gram-negative bacteria to honey. Antibiotic-susceptible (A)
and extended-spectrum beta-lactamase-producing (B) isolates of E. coli (squares), P. aeruginosa (triangles,
top up), E. cloacae (diamonds) and Klebsiella oxytoca (triangles, top down), and gentamicin-resistant E.
coli (circles) were exposed to indicated concentrations of honey for 24 h, after which survival was
determined quantitatively in CFU/ml.

REDUCTION OF FOREARM SKIN COLONIZATION BY APPLICATION OF
HONEY

To determine the potential of honey for topical applications in an in vivo setting, we
quantitatively determined the capacity of honey to reduce microbial colonization of forearm
skin of healthy volunteers.

After 48 hours of application of honey, the median level of skin colonization was reduced 100-
fold compared to control incubations, from |10 CFU/swab in the control group to | CFU/
swab in the honey-treated group (Fig. 4A; P<.0001).The percentage of positive skin cultures,
defined as cultures with 25 CFU, was reduced from 79% in the control group to 19% in the
honey-treated group (Fig. 4A; P<.0001). Within the honey-treated group, median numbers
of CFU were reduced from 26.5 to | (P<.0001) after 48 hours of application, while in the
control group the median numbers of CFU had increased from 21.5 to |10 (p=0.0005) after
a similar incubation period (Fig. 4A).There was a large variation in baseline skin colonization
among subjects, ranging from 0 to >1000 CFU/swab, but colonization of control and honey-
treated skin patches on the same arm for were similar for most of the subjects at the start
of the experiment (Fig. 4B, left panel). After 48 hours of application (Fig. 4B, right panel), 39
of 42 honey-treated patches showed less colonization than the corresponding non-treated
control patches on the same arm.After treatment with honey, skin colonization was reduced
for 38 of 42 patches compared to colonization prior to application (Fig. 4C, right panel),
whereas for control skin patches increased colonization was observed for 30 of 42 patches

after 48 hours of application of a dressing (Fig. 4C, left panel).
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For every subject, all phenotypically distinct bacteria that survived on honey treated
skin patches were isolated and characterized. Fourteen of the total number of eighteen
(78%) isolates were identified as coagulase-negative staphylococci, and Bacillus, Micrococcus,
Brevundimonas and Corynebacterium were each identified in one case. When assessed for
their susceptibility to honey in vitro, inocula of all these isolates were killed by < 30% of
honey after 24 hours of incubation, demonstrating that these bacteria were not intrinsically

resistant to honey.
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Figure 4. Efficacy of honey to reduce forearm skin colonization. Number of culture-positive samples and
numbers of CFU cultured from control and honey-treated skin patches (A).An aliquot of 0.5 ml honey was applied
on one forearm skin patch, and a second patch on the same arm served as a no-treatment control. Both patches
were covered with polyurethane dressing. Prior to, and after 2 days of application, the skin patches were sampled
to quantitatively assess the level of microbial skin colonization. Colonization of control and honey-treated skin
patches on the same arm of individual subjects (B) at the start of the experiment (left panel) and after 48 hours
(right panel). Skin colonization of individual skin patches (C) at the start of the experiment and after 48 hours for
control (left panel) and honey-treated group (right panel). The percentages of culture-positive skin swabs of honey-
treated and control skin patches were analyzed with the McNemar’s test for matched case-control studies and
univariate analyses by paired Wilcoxon rank sum test were performed to investigate the significance of differences
in numbers of CFU.
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DISCUSSION

We demonstrate that Revamil® medical-grade honey had reproducible bactericidal activity
in vitro, and was equally active against antibiotic-resistant and -susceptible isolates for all
species tested. Application of Revamil® for two days on forearm skin of healthy volunteers
was highly effective in reducing both the frequency of positive skin cultures and the numbers
of CFU cultured (both P<.0001 versus controls).

Honey has several well known properties responsible for its antimicrobial activity. These
include a high osmolarity due to the high concentration of sugars (approximately 80% w/v)
(20), a low pH (3.2-4.5 for undiluted honey), and the production of hydrogen peroxide,
which upon dilution of honey is produced by glucose oxidase originating from the bees
(6;21). In addition, unknown floral or bee components contribute to the activity (22;23).
Unfortunately, large variation in antimicrobial activity exists between honeys collected from
different environments (I3;16), possibly related to spatial and temporal variation in sources
of nectar (15). Even honey collected from a single location can have significant batch-to-
batch variation in antibacterial activity (15). The unpredictable antibacterial activity of such
non-standardized honey preparations hampers its introduction as an antimicrobial agent.
Revamil® is produced in greenhouses under standardized conditions. With less than 2-fold
variation in activity for || different batches, this honey showed good batch-to-batch
reproducibility of activity, which is an important criterion for clinical application.

As many infections are more and more difficult to treat due to increased antibiotic resistance
(24-26), new antimicrobial agents are needed. Revamil® had potent in vitro bactericidal activity
against antibiotic-resistant gram-positive and -negative bacteria. Inocula of all S. epidermidis
strains tested were completely killed within 24 hours of incubation in 20% honey, and 40%
honey killed all S. aureus and E. faecium strains tested. Antibiotic-susceptible and —resistant
strains of all gram-negative bacteria tested were killed by 20-30% honey.Therefore, medical-
grade honey has potential for topical antibacterial prophylaxis or to treat topical infections
caused by antibiotic-resistant bacteria.

To the best of our knowledge, our study is the first to quantitatively assess the efficacy of
honey to reduce microbial skin colonization in a controlled trial. Unfortunately it is very
difficult to evaluate honey in a blinded trial, as no suitable control substance resembling
honey exists. Therefore, we performed an open-label within-subject trial to assess the
efficacy of honey to reduce skin colonization compared to no-treatment controls. The mean
numbers of CFUs cultured from skin were reduced 100-fold after application of honey for
two days, and 81% of the honey-treated skin patches yielded negative cultures compared to

21% for control patches. In three subjects honey was not effective, but we showed that the
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bacteria isolated from these subjects were susceptible to honey in vitro. Possibly the isolated
bacteria had emerged from deeper sites within the skin during the sampling, and had not
been reached by the honey applied on the skin surface.

Two major indications for application of honey would be treatment of wound infections, and
topical prophylaxis at sites where microorganisms may give rise to infection, such as catheter
insertion sites (27). Small randomized controlled trials reported efficacy of honey to reduce
time for healing and to reduce time to culture-negativity for burns wounds (28-32) and
postoperative wound infections (33). Another relatively small study showed that application
of honey resulted in a comparable bacteremia-free period of tunnelled, cuffed hemodialysis
catheters compared to that obtained with mupirocin treatment (34). This indicates that
honey could be a valuable alternative to mupirocin, but larger randomized trials using well-
defined honey are required to assess the efficacy of honey as antimicrobial agent.

In summary, we showed that Revamil® medical-grade honey has batch-to-batch reproducible
broad spectrum bactericidal activity and is a good disinfectant for human skin. Thus, this
honey has excellent potential as an anti-infective agent for topical prophylaxis or for topical

treatment of skin infections caused by antibiotic-susceptible or -resistant bacteria.
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ABSTRACT

With the rise in prevalence of antibiotic-resistant bacteria honey is increasingly valued for
its antibacterial activity. In order to characterize all bactericidal factors in a medical-grade
honey, we used a novel approach of successive neutralization of individual honey bactericidal
factors. All bacteria tested, including Bacillus subtilis, methicillin-resistant Staphylococcus
aureus, extended-spectrum beta-lactamase producing Escherichia coli, ciprofloxacin-resistant
Pseudomonas aeruginosa and vancomycin-resistant Enterococcus faecium were killed by 10-20%
(v/v) honey, whereas at least 40% (v/v) of a honey-equivalent sugar solution was required for
similar activity. Honey accumulated up to 5.62 + 0.54 mM H,O, and contained 0.25 + 0.01
mM methylglyoxal (MGO). After enzymatic neutralization of these two compounds, honey
retained substantial activity. Using B. subtilis for activity-guided isolation of the additional
antimicrobial factor(s), we discovered bee defensin- | in honey. After combined neutralization
of H,O,,MGO and bee defensin-1,20% honey had only minimal activity left,and subsequent
adjustment of the pH of this honey from 3.3 to 7.0 reduced the activity to that of sugar
alone. Activity against all other bacteria tested depended on sugar, H,O,, MGO and bee

defensin-1.Thus, we fully characterized the antibacterial activity of medical-grade honey.
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INTRODUCTION

Honey has been renowned for its wound-healing properties since ancient times (1).At least
part of its positive influence is attributed to antibacterial properties (2;3).With the advent
of antibiotics, clinical application of honey was abandoned in modern Western medicine,
though in many cultures it is still used (4). These days, however, abundant use of antibiotics
has resulted in widespread resistance. With the development of novel antibiotics lagging
behind (5), alternative antimicrobial strategies are urgently needed.The potent in vitro activity
of honey against antibiotic-resistant bacteria (6;7) and its successful application in treatment
of chronic wound infections not responding to antibiotic therapy (3), have attracted
considerable attention (8-10).

The broad spectrum antibacterial activity of honey is multifactorial in nature. Hydrogen
peroxide and high osmolarity — honey consists for approximately 80% (w/v) of sugars - are
the only well-characterized antibacterial factors in honey (I I). Recently, high concentrations
of the antibacterial compound methylglyoxal (MGO) were found specifically in Manuka
honey, derived from the Manuka tree (Leptospermum scoparium) (12;13). Until now no honey
has ever been fully characterized, which hampers clinical application of honey.

Recently we determined that Revamil® medical-grade honey produced under standardized
conditions in greenhouses, has potent, reproducible bactericidal activity (14). In the current
study we identified all bactericidal factors in the honey used as source for this product (RS
honey) and assessed their contribution to honey bactericidal activity.

To accomplish this we used a novel approach of successive neutralization of individual honey

bactericidal factors combined with activity-guided identification of unknown factors.
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MATERIALS AND METHODS

HONEY

Unprocessed Revamil® source (RS) honey was kindly provided by Bfactory Health Products
(Rhenen, The Netherlands). RS honey has a density of 1.4 kg/l and contains 333 g/kg glucose,
385 g/kg fructose, 73 g/kg sucrose and 62 g/kg maltose. To study the contribution of the
sugars to the bactericidal activity of honey, a solution with a sugar composition identical to

that of the honey was prepared.

MICROORGANISMS

Bactericidal activity of honey was assessed against the laboratory strains Bacillus subtilis
ATCC6633, Staphylococcus aureus 42D, Escherichia coli ML-35p (15) and Pseudomonas
aeruginosa PAO-1 (ATCC 15692), and against clinical isolates of methicillin-resistant S.
aureus (MRSA), vancomycin-resistant Enterococcus faecium (VREF), extended-spectrum beta-

lactamase-producing E. coli (E. coli ESBL) and ciprofloxacin-resistant P. aeruginosa (CRPA).

DETERMINATION OF HO, CONCENTRATION IN HONEY

Hydrogen peroxide concentrations in honey were determined quantitatively using a
modification of a method described previously (16). Undiluted and ten-fold diluted samples
of honey (40 pl) were mixed in wells of microtiterplates with 135 pl reagent, consisting of
50 pg/ml o-dianisidine (Sigma, St. Louis, MO, USA) and 20 pg/ml horseradish peroxidase type
IV (Sigma) in 10 mM phosphate buffer pH 6.5. O-dianisidine and peroxidase solutions were
freshly prepared from a | mg/ml stock in demineralized water and from a 10 mg/ml stock in
|0 mM phosphate buffer pH 6.5, respectively. After 5 min. incubations at room temperature,
reactions were stopped by addition of 120 ul 6 M H,SO, and absorption at 540 nm was
measured. Hydrogen peroxide concentrations were calculated using a calibration curve of
2-fold serial dilutions of H,O, ranging from 2200 uM to 2.1 pyM.

METHYLGLYOXAL (MGO) NEUTRALIZATION ASSAY

Reduced glutathione (Sigma) was added to diluted honey to a final concentration of 15 mM,
and conversion of MGO to S-D-lactoyl-glutathione (SLG) was initiated by addition of 0.5 U/
ml glyoxalase | (Sigma).The amount of MGO converted was determined using the extinction
coefficient of SLG of 3.37 mM-' at 240 nm (17).Thus, we determined that up to 10 mM of
exogenous MGO added to 40% honey was completely converted, and that undiluted RS
honey contained 0.25 + 0.0l mM of MGO.
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ANTI-BEE DEFENSIN-1 POLYCLONAL ANTIBODY

An affinity-purified polyclonal anti-bee defensin-1 antibody was purchased from Eurogentec
(Seraing, Belgium).The N-terminal part of bee defensin-| is hydrophobic and contains three
disulphide bonds, whereas the hydrophilic C-terminal region lacks cysteine residues (18).
Therefore, rabbits were immunized with a synthetic peptide corresponding to the C-terminus
of bee defensin-1 (CRKTSFKDLWDKRF), and antibodies were subsequently affinity-purified
using this peptide coupled to AF-Amino Toyopearl 650 M resin (Toso, Tokyo, Japan).

LIQUID BACTERICIDAL ASSAY

Bactericidal activity of honey was quantified in 100 pl volume liquid tests, in polypropylene
microtiterplates (Costar Corning, New York, NY, USA). For each experiment, a 50% (v/v)
stock solution of honey was freshly prepared in incubation buffer containing 10 mM
phosphate buffer pH 7.0 supplemented with 0.03% (w/v) trypticase soy broth (TSB; BD
Difco, Detroit, MI, USA). Bacteria from logarithmic phase cultures in TSB were washed twice
with incubation buffer and suspended at a final concentration of 1x10® CFU/ml, based on
optical density. Plates were incubated at 37 °C on a rotary shaker at 150 rpm.At indicated
time points, duplicate 10 pl aliquots of undiluted and 10-fold serially diluted incubations were
plated on blood agar. Bacterial survival was quantified after overnight incubation at 37 °C.
The detection level of this assay is 100 CFU/ml.

To assess the contribution of H,O, to the bactericidal activity of honey, bovine liver catalase
(Sigma) was added to a final concentration of 600 U/ml. A catalase stock solution was
prepared according to the manufacturers’ instructions in 50 mM phosphate buffer pH 7.0.
Addition of 0.25% (v/v) of this catalase stock solution reduced the amount of H,O, to
undetectable levels at all honey concentrations tested and did not affect bacterial viability.
Sodium polyanetholsulfonate (SPS) (Sigma) was added to neutralize cationic bactericidal
components (19) at a final concentration of 0.025% (w/v). The incubation buffer did not
affect the pH of the concentrations of honey used in our experiments. A | M NaOH

solution was used to titrate honey solutions to pH 7.0.

AGAR DIFFUSION ASSAY

To assess antibacterial activity of fractionated honey an agar diffusion assay was used (20). In
brief, a B. subtilis inoculum suspension was prepared as described for the liquid bactericidal
assay. Bacteria (107 CFU) were 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 10x10-cm culture plates.Wells of | mm in diameter were punched
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into the agarose, and 2.5 pl samples were added to the wells and allowed to diffuse into the
agarose for 3 h at 37 °C. 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. Clear zones around the wells indicated antibacterial activity.

ULTRAFILTRATION OF HONEY COMPONENTS

Fifteen ml of 20% honey was centrifuged in a 5 kDa molecular weight cut-off Amicon Ultra-15
tube (Millipore, Bedford, MA, USA) at 4000 x g for 45 min.at room temperature.The <5 kDa
filtrate was collected, and the >5 kDa retentate was subsequently washed three times in the

filter tube with |5 ml of demineralized water and concentrated to 0.4 ml.

BACTERIAL OVERLAY ASSAY

Native cationic proteins were separated by acid urea polyacrylamide gel electrophoresis
(AU-PAGE) (21). Gels were either stained with PAGE-Blue (Fermentas, St. Leon-Rot,
Germany) or washed 3 x 8 min.in 10 mM phosphate buffer pH 7.0 for a bacterial overlay
assay.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.

IMMUNOBLOTTING

Proteins were separated by tris-tricine SDS-PAGE as described previously (22), and
transfered onto nitrocellulose membranes (Schleicher and Schuell, Keene, NH). Membranes
were subsequently blocked with 5% nonfat dry milk (Bio-Rad,Veenendaal, The Netherlands)
plus 0.5 M NaCl and 0.5% (v/v) tween-20 in 10 mM tris-HCI pH 7.5 (rinse buffer) for | h.
Blocked membranes were incubated with affinity-purified anti-bee defensin-1 antibody at
[.4 pg/ml in Rinse buffer for 2 h. After incubation with primary antibody, membranes were
washed 2x for |5 min. in rinse buffer, incubated with horseradish peroxidase—labeled goat-
anti-rabbit secondary antibody (Jackson ImmunoResearch West Grove, PA, USA) at 0.4 ug/
ml in rinse buffer for | h, and washed again for [0 min. in rinse buffer and 5 min. in PBS,

respectively. The membrane was developed using a DAB liquid substrate kit (Sigma).

PURIFICATION OF ANTIBACTERIAL PEPTIDE FROM HONEY

An amount of >5 kDa honey retentate equivalent to 13 ml of honey was dissolved in
loading buffer (3M urea in 5% acetic acid with methyl green as tracking dye) and loaded
on a preparative acid-urea PAGE as described previously (21) with slight modifications. A

cylindrical gel (3.7 cm in diameter, 6 cm in height) in a Model 491 Prep Cell (Bio-Rad) was
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prepared, prerun at reversed polarity for 3 h at 150V in 5% acetic acid at 4 °C, and protein
was electrophoresed at 40 mA with reversed polarity. Protein was eluted in 5% acetic acid at
0.5 ml/min.and collected in fractions of 2 ml. Fractions were assessed for protein composition
by tris-tricine SDS-PAGE and for antibacterial activity by bacterial overlay assay. Fractions
containing purified antibacterial protein were pooled, concentrated, dialyzed against 0.01%
acetic acid in a 3.5 kDa molecular weight cut-off MINI Slide-A-Lyzer tube (Pierce, Rockford,

IL, USA), freeze-dried and dissolved in demineralized water.

PROTEIN IDENTIFICATION BY V8 DIGESTION WITH SUBSEQUENT
MS ANALYSIS

Duplicate fractions (estimated to contain about 2 pg of protein each) were adjusted
to 50 mM sodium phosphate pH 7.9 and 5% (v/v) acetonitrile. Approximately 0.5 pg of
Endoproteinase Glu-C (Fluka) was added per fraction and incubated at 25 °C overnight.
The resulting peptide mixtures were purified and concentrated with the aid of CI8 ziptips
(Millipore) and eluted in 10 pl 90% (v/v) acetonitril, 1% (v/v) formic acid. The samples were
checked for the presence of non-autodigest peptides with a reflectron MALDI-TOF mass
spectrometer (M@LDI, Waters, Millford, MA, USA). Next, samples were analyzed with ESI-
tandem mass spectrometry (MS/MS). Data were acquired with a QTofl| (Waters) coupled
to an Ultimate nano-LC system (LC Packings Dionex, Sunnyvale, CA, USA). One microliter
of peptide mixture was diluted in 10 pl of 0.1% TFA. The peptides of both samples were
separated on a nano-analytical column (75 mm i.d. x |5 cm CI8 PepMap, LC Packings
Dionex) using a standard gradient of acetonitrile in 0.1% formic acid. The flow of 300 nl/
min. was directly electrosprayed in the QTof | operating in data-dependent MS and MS/MS
mode.The resulting MS/MS spectra were analyzed with Mascot software (Matrix Science). In
both fractions a doubly charged ion (VTCDLLSFKGQVND, mass 1537.8) with a sequence
corresponding to the mature N-terminus of bee defensin-|1 could be identified (MOVVSE

scores > 73).
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RESULTS

Hydrogen peroxide is produced by the Apis mellifera (honey bee) glucose oxidase enzyme
upon dilution of honey. RS honey diluted to 40% to 20% accumulated high levels of H,O, 24
hours after dilution, with a maximum of 5.62 + 0.54 mM H,O, formed in 30% honey (Fig. | A).
Addition of catalase reduced H,O, to negligible levels (Fig. IA) and markedly reduced the
bactericidal activity against all bacteria tested, except Bacillus subtilis (Fig. 1B). However, H,O, -
neutralized honey exerted stronger bactericidal activity than equivalent sugar solutions (Fig.
IB). This indicates that H,O, is important for the bactericidal activity of honey, but that
additional factors must also be present. As B. subtilis was the most susceptible bacterium
for non-peroxide bactericidal activity, we used it for identification of additional bactericidal
factors.

The honey bactericidal compound MGO can be converted into S-lactoylglutathione (SLG) by
glyoxalase |, and this product can be measured spectrophotometrically. RS honey contained

0.25 = 0.0l mM MGO.We aimed to apply glyoxalase | to neutralize the bactericidal activity
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Figure |.Contribution of H202, sugars and MGO to the bactericidal activity of honey after 24 hours.
(A) Mean (* SEM) of hydrogen peroxide accumulation in different concentrations of honey, without (squares) or with
catalase added (asterisks). (B) Bactericidal activity against indicated laboratory strains (top row) and against clinical
isolates of vancomycin-resistant Enterobacter faecium (VREF), methicillin-resistant Staphylococcus aureus (MRSA),
extended-spectrum beta-lactamase producing Escherichia coli (E. coli ESBL) and ciprofloxacin-resistant Pseudomonas
aeruginosa (CRPA) (bottom row). Bacteria were exposed to various concentrations of honey (squares), honey
with catalase added (asterisks), or to honey-equivalent sugar solutions (circles). (C) Killing of B. subtilis by honey in
incubation buffer without addition (squares), with catalase (asterisk), with glyoxalase (small filled circles) or with
catalase and glyoxalase | (inverted triangles), added to neutralize H202 and MGO, respectively, or by a honey-

equivalent sugar solution (circles). Numbers of CFU were log-transformed and shown as mean *+ SEM.
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of MGO in honey. This required that SLG, the reaction product of MGO, would be non-
bactericidal. Indeed, the activity of up to 20 mM MGO was neutralized by conversion
into SLG (Fig. SI), indicating that SLG up to high concentrations did not kill the bacteria.
Neutralization of MGO or H,O, alone did not alter bactericidal activity of RS honey, but
simultaneous neutralization of MGO and H,O, in 10% honey reduced the killing of B. subtilis
by 4-logs (Fig. 1C). At higher concentrations of honey, the bactericidal activity was not
affected by neutralization of H,O, and MGO (Fig. | C), indicating that still more factors were
involved.

As a first step to characterize the unknown bactericidal factor(s), we size-fractionated honey
by ultrafiltration with a 5 kDa molecular weight cut-off membrane. Unfractionated honey
produced a small zone of complete bacterial growth inhibition and a larger zone with partial
growth inhibition in an agar diffusion assay with B. subtilis (Fig. 2A). After ultrafiltration, the
factor(s) that caused complete and partial bacterial growth inhibition were separated, and
were present in the >5 kDa retentate and the <5 kDa filtrate, respectively (Fig. 2A).

lon exchange chromatography of the retentate indicated a cationic nature of the antibacterial
factor(s). Indeed, the polyanionic compound sodium polyanetholsulfonate (SPS) abolished
the antibacterial activity of the retentate (Fig. 2B). Moreover, pepsin treatment also abolished
this activity (Fig. 2B).Together, this implies that cationic antibacterial protein(s) were present.
We separated cationic proteins in the retentate using a native acid-urea PAGE gel, and
allowed the separated components to diffuse from this gel into a B. subtilis-inoculated agar to
identify antibacterial proteins.This yielded a single zone of bacterial growth inhibition which
corresponded to a protein band in a Coomassie-stained gel run in parallel (Fig. 2C). This
protein was purified from a larger amount of retentate using preparative acid-urea PAGE
(Fig. 2D), and identified by peptide mass analysis as bee defensin-|.

To specifically assess the contribution of bee defensin-| to the bactericidal activity of honey,
an anti-bee defensin-| antibody was raised (Fig. 2E). Like SPS, this antibody negated all
bactericidal activity of the >5 kDa retentate against B. subtilis (Fig. 3A). The <5 kDa filtrate
had only minor bactericidal activity (Fig. 3A) but this was not due to cationic compounds
since SPS failed to neutralize this activity (Fig. 3A).Thus, bee defensin-1 was the only cationic
bactericidal compound present in RS honey.

Next, we assessed the contribution of bee defensin-I to the bactericidal activity of
non-fractionated honey against B. subtilis. As previously observed, 220% honey retained
bactericidal activity when H,O, and MGO were neutralized. Additional neutralization of bee
defensin-1 strongly reduced the bactericidal activity of 20% honey, but did not affect the
activity of 30% and 40% honey (Fig. 3B). So, bee defensin-1 contributed to the bactericidal

activity of honey, but still other bactericidal factors were involved.
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CHAPTER 6
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Figure 2. Identification of bee defensin-1 in honey. (A) Honey was fractionated by ultrafiltration
using a2 5 kDa molecular weight cut-off filter tube; antibacterial activity of 2.5 pl of 80% honey, and
equivalent amounts of the <5 kDa filtrate and >5 kDa retentate were tested in an agar diffusion assay.
(B) Retentate equivalent to 7.5 pl of undiluted honey was tested for the presence of cationic and
proteinaceous antibacterial components. Activity of cationic components was neutralized by adding
sodium polyanetholsulfonate (SPS),and protein was digested with pepsin, followed by 5 min. inactivation
at 100°C. As control, incubation for 5 min. at 100°C without pepsin was performed. The activity in
retentate (ret.) was compared with that of 0.2 pg hen egg white lysozyme (lys.). (C) To identify cationic
antibacterial proteins in retentate, amounts of this fraction equivalent to 750 pl honey and 3 pg
lysozyme as a reference, were run in duplicate sets on a single native acid-urea PAGE gel. One half of
the gel was Coomassie-stained (left), the other was used for a bacterial overlay assay with B. subtilis
(right). (D) Silverstained tris-tricine SDS-PAGE of different amounts of lysozyme and preparative acid-
urea PAGE-purified bee defensin-1, separated by an empty lane. (E) Retentate separated on tris-tricine
SDS-PAGE, blotted to nitrocellulose, stained with either Ponceau S (‘Pon.S’, left) or immunostained
with anti-bee defensin-| (right).
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Honey has a low pH, mainly due to the conversion of glucose into hydrogen peroxide and
gluconic acid by glucose oxidase. This low pH might also contribute to the bactericidal
activity of honey (23).Titration of the pH of 40-10% RS honey from 3.4-3.5 to 7.0, combined
with neutralization of H,O,, MGO and bee defensin-1, reduced the bactericidal activity of
honey to a level identical to that of a honey-equivalent sugar solution (Fig. 3C). Thus, with
this experiment, we succeeded in identifying all bactericidal factors in RS honey responsible
for killing of B. subtilis.

The contribution of the identified bactericidal factors to activity against antibiotic-susceptible
and -resistant strains of various species was tested with honey diluted to 20%, since this
killed the entire inocula of all bacteria tested independent of sugar (Fig. |). Simultaneous
neutralization of H,O,, MGO and bee defensin-I negated all activity (Fig. 4), showing that
these were the major factors responsible for broad spectrum bactericidal activity of honey.
We studied the contribution of the honey bactericidal factors in more detail by neutralizing
the factors individually or combined. Neutralization of H,O, alone strongly reduced the
bactericidal activity against all bacteria tested except B.subtilis (Fig.4). Neutralization of MGO
alone strongly reduced killing of Escherichia coli and Pseudomonas aeruginosa strains (Fig. 4).
Neutralization of bee defensin-| alone reduced killing of vancomycin-resistant Enterococcus

faecium, but not of the other bacteria tested (Fig. 4). When compared to neutralization of
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Figure 3. Roles of bee defensin-1 and pH in bactericidal activity of honey against B. subtilis. (A) The

contribution of cationic components in general and of bee defensin-1 specifically, to bactericidal activity was tested
by neutralization with SPS or with anti-bee defensin-| antibody ((XX-bd), respectively, at concentrations of retentate
equivalent to 20% honey (white bars) and 40% honey (gray bars);‘ctrl. indicates survival without neutralization. (B)
To assess the contribution of bee defensin-1 to bactericidal activity of unfractionated honey, B. subtilis was incubated
in various concentrations of honey in incubation buffer (squares), or with catalase and glyoxalase | added either
without (triangles), or with SPS (diamonds), or in a honey-equivalent sugar solution (circles). (C) To assess the
contribution of the low pH to the bactericidal activity of honey, B. subtilis was incubated in various concentrations of
honey in incubation buffer (squares), or with catalase, glyoxalase | and SPS added either without (triangles), or with
neutralization to pH 7 (diamonds), or in a honey-equivalent sugar solution (circles).After 24 h, numbers of surviving

bacteria were determined. Numbers of CFU were log-transformed and shown as mean + SEM.
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MGO alone, the additional neutralization of bee defensin-1 reduced killing of all bacteria
tested, except extended-spectrum beta-lactamase producing E. coli (Fig. 4). In conclusion,
H,O,, MGO and bee defensin-I differentially contributed to the activity of honey against

specific bacteria, and their combined presence was required for the broad spectrum activity.

S. aureus 42D E. coliML-35p P. aeruginosa PAO-1 B. subtilis
E
) J J J J
T 6
o
g M | 1 '
210l lom 1 | /| 1 (mimimlin

E. coli ESBL i CRPA ) VREF

|
|

Figure 4. Effect of neutralization of H202, MGO and bee defensin-1 on bactericidal activity of honey.
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Hydrogen peroxide, MGO and bee defensin-1 were neutralized in 20% honey by adding catalase (cat.), glyoxalase |
(gly 1) and SPS, respectively. Bactericidal activity was tested against indicated laboratory strains (top row) and against
clinical isolates of vancomycin-resistant Enterobacter faecium (VREF), methicillin-resistant Staphylococcus aureus
(MRSA), extended-spectrum beta-lactamase-producing Escherichia coli (E. coli ESBL) and ciprofloxacin-resistant
Pseudomonas aeruginosa (CRPA) (bottom row). A sugar solution equivalent to 20% honey was used as reference.
After 24 h, numbers of surviving bacteria were determined. Numbers of CFU were log-transformed and shown as
mean * SEM.
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DISCUSSION

All bacterial species tested were susceptible to different combinations of bactericidal factors
in honey, indicating that these bacteria were killed via distinct mechanisms. This clearly
demonstrates the importance of the multifactorial nature of honey for its potent, broad
spectrum bactericidal activity.

Some factors had overlapping activity. For instance, the activity of bee defensin-1 against
most bacteria was only revealed after neutralization of MGO. This clearly demonstrates
the importance of neutralizing known bactericidal factors in honey to reveal the presence
of additional factors. Similarly, the contribution of the low pH for activity of honey against
B. subtilis was only revealed when H,O,, MGO and bee defensin-I were simultaneously
neutralized.

In other situations, bactericidal activity depended on the combined presence of different
factors. Thus, the activity of honey against E. coli and P. aeruginosa was markedly reduced
by neutralization of either H,O, or MGO. Alternatively, the activity of certain bactericidal
factors likely is more potent in the context of honey than as pure substances. This is most
clearly illustrated by the activity of MGO. When tested in a buffer, at least 0.3 mM MGO
was required for activity against B. subtilis (Fig.SI). In contrast, as little as 0.05 mM MGO, the
concentration in 20% RS honey, was sufficient to substantially contribute to the bactericidal
activity. This suggests that the presence of the other bactericidal factors in honey enhanced
the effect of MGO. It is not possible to quantify the contribution of the different factors
to honey bactericidal activity since, as we have shown, these factors may have redundant
activity, be mutually dependent, or have additive or synergistic activity depending on the
bacterial species targeted.

We have demonstrated for the first time that honey contains an antimicrobial peptide, bee
defensin-1, and that this peptide substantially contributes to the bactericidal activity. Bee
defensin-| was previously isolated from royal jelly (24), the major food source for bee queen
larvae (and then referred to as ‘royalisin’), and was identified in honey bee hemolymph
(18). Royal jelly is produced by young worker bees and contains their hypopharyngeal
and mandibular glands secretions (25;26). Bee defensin-l mRNA has been identified in
the hypopharyngeal gland of young worker bees (18), suggesting this gland is involved in
production of bee defensin- | found in royal jelly (24).VWWhen worker bees age, they become the
major producers of honey. Major differences develop in morphology and protein expression
of their hypopharyngeal glands (27;28), e.g. several important carbohydrate-metabolizing
enzymes including glucose oxidase are expressed (29). The bees add the secretion from

their hypopharyngeal glands to the collected nectar.The carbohydrate-metabolizing enzymes
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then convert sucrose to glucose and fructose, and glucose oxidase converts the glucose to
hydrogen peroxide and gluconic acid. These latter compounds presumably are involved in
prevention of microbial spoilage of unripe honey (I 1). Since we have found bee defensin-|
in honey, this suggest that after the transition in hypopharyngeal gland function of the
worker bees with age, the gland still produces bee defensin-1.This peptide therefore likely
contributes to protection of both royal jelly and honey against microbial spoilage.

It remains to be established whether bee defensin-| is also present in other honeys. In
Manuka honey, no evidence was found for the presence of antimicrobial peptides (30). For
several other honeys, protein(s) were reported to contribute to the antibacterial activity
(31;32), but their identity remains unknown. Using our anti-bee defensin-| antibody, we aim
to assess the role of bee defensin-| for the antibacterial activity of other honeys.

Previous studies regarding the effect of low pH to antibacterial activity of honey have yielded
conflicting results (11). In our study, the contribution of the low pH for activity against B.
subtilis was only revealed upon inactivation of all other bactericidal factors. So, in other
studies which did not employ an approach of neutralization of bactericidal factors in honey,
the contribution of the low pH of honey may easily have been overlooked.

Much effort has been put into identification of phenolic antibacterial components in honey
(1'1). Several of these compounds have been isolated from honey but as they were tested at
concentrations far exceeding those in honey no conclusions can be drawn regarding their
contribution to honey bactericidal activity (1 1). Our data do not show a role of phenolic
compounds in RS honey bactericidal activity.

Our approach of selectively neutralizing individual bactericidal factors present in a medical-
grade honey allowed us to unravel the multifactorial bactericidal activity of a honey for the
first time.We presently use the same approach to assess the contribution of these factors
to activity of other honeys, and simultaneously to screen for novel bactericidal factors. Such
honeys, or isolated components thereof, may serve as novel agents to prevent or treat

infections, in particular those caused by antibiotic-resistant bacteria.

Figure S|1. Bactericidal activity of MGO and SLG against
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ABSTRACT

With the rise in prevalence of antibiotic-resistant bacteria, honey is increasingly valued for its
antibacterial activity. However, incomplete knowledge of the bactericidal spectrum, kinetics
of killing and mechanism of action hampers general applicability of honey.We compared the
bactericidal activity and mechanism of action of Revamil® source (RS) honey and Manuka
honey, the major sources of medical-grade honey. RS honey rapidly (within 2 hours) killed
Bacillus subtilis, Escherichia coli and Pseudomonas aeruginosa, whereas Manuka honey only had
rapid activity against B. subtilis. Neither RS nor Manuka honey had rapid activity against
Staphylococcus aureus (MRSA). Both honeys killed all tested bacteria after 24 hours. Rapid
killing by RS honey was mainly due to bee defensin-1 and H,O,.These honey bactericidal
compounds were not detected in Manuka honey, but Manuka contained a much higher
concentration of methylglyoxal (MGO) than RS honey, 10.94 + 1.70 mM versus 0.25 + 0.01
mM, respectively. The rapid activity of Manuka honey against B. subtilis was exerted by MGO
and as yet unidentified cationic and non-cationic factors. Manuka honey was active up to
higher dilutions than RS honey in 24 h incubations. This was due to the high concentration
of MGO in Manuka honey. In conclusion, RS and Manuka honey contain entirely different
bactericidal factors, causing large differences in kinetics and spectrum of their bactericidal

activity. This information is essential for prudent clinical application of these honeys.
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INTRODUCTION

Antibiotic-resistant bacteria pose a very serious threat to public health. Frequencies of
bacterial resistance are increasing worldwide while very few new antibiotics are being
developed (1;2). Therefore, alternative antimicrobial strategies are urgently needed.

The potent in vitro activity of honey against antibiotic-resistant bacteria (3) and its successful
application in treatment of chronic wound infections not responding to antibiotic therapy
(4) renewed interest in honey as antibacterial agent for clinical use.There is, however, large
variation in antibacterial activity among honeys (5), which is most likely responsible for
the variable effiacy of honey in clinical trials (6-8). Knowledge of the antibacterial activity
and of the mechanism of killing are important prerequisites for acceptability of honey as
antimicrobial agent.

In recent years several standardized, CE-certified medical-grade honeys became available for
wound management.We have shown that one such honey, Revamil®, kills a broad spectrum
of antibiotic-resistant bacteria and readily eradicates microbial skin colonization in human
volunteers (9). The high sugar concentration, H,O,, methylglyoxal (MGO), the cationic
antimicrobial peptide bee defensin-1 and the low pH together were responsible for the
broad spectrum bactericidal activity of the source honey for Revamil® (RS honey) (10).
Another honey with potent antibacterial activity used for medical purposes is Manuka honey.
This honey is produced from the Manuka bush (Leptospermum scoparium), indigenous to
New Zealand and Australia. MGO was recently identified as an antibacterial compound in
Manuka honey (1 1;12), but the contribution of MGO and possible other compounds to the
bactericidal activity of Manuka is still unknown.

In the current study we compared the bactericidal activity of RS and Manuka honey and
analysed the contribution of the different antimicrobial factors listed above.VWe demonstrate
that these honeys contain different concentrations of these bactericidal factors, which results

in substantial differences in bactericidal activity.
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MATERIALS AND METHODS

HONEY

Unprocessed Revamil® source (RS) honey was kindly provided by Bfactory Health Products
(Rhenen, The Netherlands). Unprocessed UMF® |6+ Active Manuka honey was purchased
from Nature’s nectar Limited (Surrey, UK). To study the contribution of the sugars to the
bactericidal activity of honey, a solution with a sugar composition similar to that of honey

was prepared (333 g/kg glucose, 385 g/kg fructose, 73 g/kg sucrose and 62 g/kg maltose.).

MICROORGANISMS

Bactericidal activity of honey was assessed against Bacillus subtilis ATCC6633, Escherichia coli
ML-35p (I3), Pseudomonas aeruginosa PAO-1 (ATCC 15692) and against methicillin-resistant
S. aureus (MRSA) strain AMC201 (10).

DETERMINATION OF HO, CONCENTRATION IN HONEY

H,O, concentrations that had accumulated in diluted honey were determined quantitatively
as described previously (14). In brief, 40 pl samples of honey were added to 135 pl reagent,
consisting of 50 ug/ml o-dianisidine (Sigma-Aldrich) and 20 ug/ml horseradish peroxidase
type IV (Sigma-Aldrich) in 10 mM phosphate buffer pH 6.5. After 5 min. incubation at room
temperature, reactions were stopped by addition of 120 ul 6 M H,SO, and absorption at 540
nm was measured. H,O, concentrations were calculated using a calibration curve of 2-fold

serial dilutions of H,O, ranging from 2200 to 2.1 uM.

METHYLGLYOXAL (MGO) NEUTRALIZATION ASSAY

Reduced glutathione (Sigma-Aldrich) was added to diluted honey to a final concentration of
I5 mM, and conversion of MGO to S-D-lactoyl-glutathione (SLG) was initiated by addition of
0.5 U/ml glyoxalase | (Sigma-Aldrich).VVe previously determined that the bactericidal activity
of a solution containing 20 mM MGO was completely neutralized by conversion to SLG. (10)
The amount of MGO converted to SLG was determined using the extinction coefficient of
SLG of 3.37 mM'" at 240 nm (I5).To control for complete conversion of MGO in honey, SLG

formation was assessed for 40% honey solutions spiked with 10 mM of exogenous MGO.

LIQUID BACTERICIDAL ASSAY
Bactericidal activity of honey was quantified in 100 pl volume liquid tests, in polypropylene
microtiterplates (Costar). For each experiment, a 50% (v/v) stock solution of honey was

freshly prepared in incubation buffer containing |0 mM phosphate buffer pH 7.0 supplemented
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with 0.03% (w/v) trypticase soy broth (TSB; Difco). Bacteria from logarithmic phase cultures
in TSB were washed twice with incubation buffer and used at a final concentration of Ix10°
CFU/ml, based on optical density. Plates were incubated at 37 °C on a rotary shaker at
150 rpm. At indicated time points, duplicate 10 pl aliquots of undiluted and |10-fold serially
diluted incubations of three independent incubations were plated on blood agar. Bacterial
survival was quantified after overnight incubation at 37 °C.The detection level of this assay is
100 CFU/ml.To assess the contribution of H,O, and cationic compounds to the bactericidal
activity of honey, 600 U/ml bovine liver catalase (Sigma-Aldrich) and 0.025% (w/v) sodium
polyanetholesulfonate (SPS; Sigma-Aldrich), respectively, were added to incubations. Since
bee defensin-| is the only cationic bactericidal compound present in RS honey (15), addition

of SPS to this honey specifically neutralizes bee defensin-1.

ULTRAFILTRATION OF HONEY COMPONENTS

Fifteen ml of 20% honey was centrifuged in a 5 kDa molecular weight cut-off Amicon
Ultra-15 tube (Millipore) at 4000 x g for 45 min. at room temperature. The <5 kDa filtrate
was collected, and the >5 kDa retentate was subsequently washed three times in the filter

tube with |5 ml of demineralized water and concentrated to 0.4 ml.

BACTERIAL OVERLAY ASSAY

To visualize the antibacterial activity of bee defensin-1 from honey, a bacterial overlay assay
was used. Amounts of >5 kDa honey retentate equivalent to 150 pl honey were separated
by acid urea polyacrylamide gel electrophoresis (AU-PAGE) (16). Gels were either stained
with PAGE-Blue (Fermentas) or washed 3 x 8 min.in 10 mM phosphate buffer pH 7.0 for a
bacterial overlay assay.After washing, the gel was incubated for 3 hours at 37 °C on B. subtilis-
inoculated nutrient-poor agarose to allow components to diffuse into the agarose. For this
agarose,a B. subtilis inoculum suspension was prepared as described for the liquid bactericidal
assay. Bacteria (10’ CFU) were 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-Aldrich]) of 45 °C,
and immediately poured into 10x10-cm culture plates. Subsequently, the gel was removed
and the agarose was overlayed with 20 ml of double-strength nutrient agarose (6% TSB,
|% Bacto-agar, 45 °C), and plates were incubated overnight at 37 °C. Antibacterial activity

resulting in zones devoid of bacterial growth is visualized as dark zones in a dark-field image.
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RESULTS

BACTERICIDAL ACTIVITY OF RS AND MANUKA HONEY

We compared the bactericidal activity of RS and Manuka honey against the highly honey-
susceptible Bacillus subtilis and against several wound pathogens, i.e. methicillin-resistant
Staphylococcus aureus (MRSA), Escherichia coli and Pseudomonas aeruginosa.To assess kinetics
of killing, we determined bactericidal activity of dilution series of the honeys after 2 and 24
hours. B. subtilis was effectively killed by both honeys after 24 hours, while at 2 hours RS
honey was much more effective than Manuka (Fig. ). MRSA was not killed by either honey at
2 hours, but it was killed by high dilutions of both honeys after 24 hours, with Manuka active
at 8-fold higher dilution than RS honey (Fig. I). E. coli and P. aeruginosa were killed at 2 hours
by RS honey diluted 2.5-fold, while Manuka honey lacked rapid activity against these bacteria
(Fig.1).After 24 hours Manuka and RS honey had comparable activities against these bacteria
(Fig. 1), Manuka being effective against E. coli at 2-fold higher dilution than RS honey (Fig. I).

Overall, RS honey clearly had more potent bactericidal activity than Manuka after 2 hours of

incubation, while the opposite was true after 24 hours.
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Figure |. Bactericidal activity of RS and Manuka honey. Indicated bacteria were incubated with serial
dilutions of RS (white bars) or Manuka honey (hatched bars), starting at 2.5-fold diluted honey. After 2 h and 24
h of incubation bacteria were quantitatively cultured. The bars represent the highest dilutions of honey causing a
1000-fold reduction in numbers of CFU relative to the initial inocula. The values are mean * SEM of independent

triplicate incubations.

CHARACTERIZATION OF H,O,, MGO AND BEE DEFENSIN-I IN RS AND
MANUKA HONEY
We assessed the levels of the predominant bactericidal factors in RS and Manuka honey,

i.e. MGO, H,O,, and bee defensin-1.As expected, Manuka honey contained a much higher
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ACTIVITY OF MEDICAL-GRADE HONEYS

concentration of MGO (10.94 £ 1.70 mM) than RS honey (0.25 + 0.0l mM; Fig. 2A). Upon
dilution honey can produce hydrogen peroxide by the Apis mellifera (honey bee) glucose
oxidase enzyme. Manuka honey however did not accumulate detectable amounts of H,O,,
while RS honey at a concentration of 40% accumulated up to 3.47 £ 0.25 mM of H,O, after
24 hours of incubation (Fig. 2B).

We have previously demonstrated that bee defensin-l is separated from other honey
bactericidal factors in RS honey by ultrafiltration with a 5 kDa cut-off membrane (10). Bee
defensin-1| is retained in the >5 kDa fraction and can be identified by parallel Coomassie-
staining and a B. subtilis overlay assay after separation of proteins by native acid-urea PAGE.

After gel electrophoresis, bee defensin-| in the >5 kDa retentate of RS honey produced a
clear zone of growth inhibition of B. subtilis in a gel overlay assay (Fig. 2C). In a similar amount
of Manuka honey retentate no bee defensin-1 was detected either by Coomassie-staining
or in a gel overlay assay (Fig. 2C). In a radial diffusion assay with B. subtilis an amount of RS
honey retentate equivalent to 0.5 pl honey produced a zone of bacterial growth inhibition,
while with up to 20-fold larger amounts of Manuka retentate no antibacterial activity was

observed (not shown).
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Figure 2. Comparison of levels of MGO, H202 and bee defensin-1 in RS and Manuka honey.

(A) Concentration of MGO in RS and Manuka (Man.) honey, determined spectrophotometrically after its conversion
to S-lactoylglutathione by glyoxalase | treatment. (B) H202 accumulation over time in 40% RS (squares) and Manuka
honey (triangles). (C) Proteins were concentrated from honey by ultrafiltration with a 5 kDa molecular weight cut-
off membrane. Amounts of >5 kDa retentate equivalent to 150 pl of undiluted honey, and 3 pg of lysozyme (lys.)
as a reference, were run in duplicate on a single native acid-urea PAGE gel to separate cationic proteins. One half
of the gel was Coomassie-stained (left), the other was used for a bacterial overlay assay with B. subtilis (right). Dark

zones indicate growth inhibition of the bacteria due to the presence of antibacterial proteins.
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FACTORS CONTRIBUTING TO THE BACTERICIDAL ACTIVITY OF
MANUKA HONEY AFTER 24 HOURS

To assess the contribution of MGO to the bactericidal activity of Manuka honey, and to
reveal potential other factors, we specifically neutralized the activity of MGO by converting
this compound to the non-bactericidal S-lactoylglutathione and assessed the remaining
bactericidal activity after 24 hours. Neutralization of MGO reduced the activity against
MRSA to a level identical to that of a honey-equivalent sugar solution (Fig. 3), indicating that
MGO was responsible for the potent activity of Manuka honey against MRSA. With MGO
neutralized, 8- and 2-fold higher concentrations of Manuka honey were required to kill B.
subtilis and P. aeruginosa, respectively (Fig. 3). MGO-neutralized Manuka honey still had more
activity than a sugar solution against these species, and the activity of Manuka honey against
E. coli was not affected by neutralization of MGO (Fig. 3).This indicated the presence of other
bactericidal factors beside MGO.

Addition of the polyanionic compound sodium polyanetholsulphonate (SPS; neutralizes

cationic compounds) to MGO-neutralized Manuka honey abolished the residual activity

against P. aeruginosa (Fig. 3) implying that this activity was due to cationic compounds. As

B. subtilis MRSA

log CFU/ml

0 10 20 30 40 0 10 20 30 40
concentration (%)
Figure 3. Contribution of MGO to the bactericidal activity of Manuka honey. honey.
The indicated bacteria were incubated in various concentrations of Manuka honey in incubation buffer (squares),
in Manuka with addition of glyoxalase | (triangles) or glyoxalase | and SPS without (diamonds) or with adjustment

of the pH to 7.0 (asterisks), or in a honey-equivalent sugar solution (circles). After 24 hours, numbers of surviving

bacteria were determined.
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Manuka honey does not contain detectable amounts of bee defensin-I, other cationic
bactericidal component(s) must be present. Activity against B. subtilis and E. coli was also
reduced but not abolished when SPS was added (Fig. 3). This indicates the presence of still
other, in this case non-cationic, bactericidal factors.

When the pH of MGO- and cationic compound-neutralized Manuka honey was adjusted
from 3.9 to 7.0, all remaining activity against E. coli was abolished.Activity against B. subtilis was
reduced, but was still substantial (Fig. 3). So, the low pH was responsible for the non-cationic
bactericidal activity of MGO-neutralized Manuka honey against E. coli, while still other non-
cationic bactericidal factor(s) were involved in activity against B. subtilis.As expected, addition
of catalase — which neutralizes H,O, — did not affect the bactericidal activity of Manuka
honey (not shown), since Manuka honey did not contain detectable levels of H,O, (Fig 2).
In summary, the high sugar concentration, MGO, low pH and as yet unidentified cationic
factor(s) as well as non-cationic bactericidal factor(s) contributed to the bactericidal activity

of Manuka honey as recorded after 24 h.

FACTORS CONTRIBUTING TO THE RAPID BACTERICIDAL ACTIVITY OF
RS AND MANUKA HONEY.

In figure | we showed that RS honey had rapid activity (within 2 hours) against B. subtilis,
E. coli and P. aeruginosa while Manuka honey exerted rapid activity only against B. subtilis.
We subsequently assessed the contribution of individual factors to this rapid bactericidal
activity.The entire B. subtilis inoculum was killed within 2 hours by 5% RS honey (Fig. 4A).
When bee defensin-| was neutralized by addition of SPS, 40% RS honey was required to kill
B. subtilis. Subsequent neutralization of H,O, by addition of catalase reduced the activity of
RS honey to that of a honey-equivalent sugar solution (Fig. 4A). So, bee defensin-1 and to
a lesser extent H,O,, were the major factors involved in rapid activity of RS honey against
B. subtilis. The activity of RS honey against E. coli was reduced to that of a sugar solution by
neutralization of H,O,, while neutralization of bee defensin-I did not affect activity (Fig. 4A).
Rapid activity against P. aeruginosa required 40% RS honey (Fig. 4A). Neutralization of H,O,
reduced this activity to a level at which the numbers of CFU were only about |-log lower
than after incubation in sugar (Fig. 4A). Subsequent neutralization of bee defensin-1 did
not affect this minor residual activity (Fig. 4A) but titration of honey to pH 7 abolished all
residual activity (not shown).

Concentrations of 230% Manuka honey were required for rapid activity against B. subtilis
(Fig. 4B). Neutralization of MGO in Manuka honey reduced but did not abolish this rapid
activity (Fig. 4B).We already demonstrated that Manuka does not contain bee defensin-| but
subsequent addition of SPS reduced but did not abolish, the residual activity (Fig. 4B). The
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remaining activity was not affected by titration to pH7 (Fig. 4B) or addition of catalase (not
shown). So, MGO and unknown cationic and non-cationic factor(s) were involved in rapid

activity of Manuka honey against B. subtilis.
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Figure 4. Factors contributing to rapid bactericidal activity of RS and Manuka honey. honey.

(A) RS honey; bacteria were incubated for 2 hours in various concentrations of RS honey in incubation buffer
(squares), with either catalase (asterisks), SPS (triangles) or both (diamonds) added, or in sugar solution (circles). (B)
Manuka honey; B. subtilis was incubated for 2 hours in various concentrations of Manuka honey in incubation buffer
(squares), with successive addition of glyoxalase | (triangles, top up), SPS (triangles, top down), and titration to pH

7.0 (asterisks), or in sugar solution (circles).
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DISCUSSION

Table I. Contribution of bactericidal factors to activity of RS and Manuka honey.

L A L A Rl

RS Man RS Man RS Man RS Man | RS | Man | RS | Man

B. subtilis rapid - rapid - slow | rapid | slow | rapid | — | rapid | — | rapid
MRSA slow - slow - slow | slow - - - - - -

E. coli rapid - slow - slow | slow - slow | — | slow [ — | slow
P. aeruginosa | rapid - slow - slow | slow | slow - - slow | — -

Contribution is defined as 2 | log reduction in numbers of CFU after 2 hours (rapid) or 24 hours (slow) of incubation.
RS: RS honey, Man: Manuka honey.

BACTERICIDAL FACTORS IN MEDICAL-GRADE HONEYS

General applicability of honey in clinical practice requires safe preparations of honey with
standardized antibacterial activity and a known mechanism of action. Revamil® and Manuka
honey are approved as a medical product for wound care. These medical-grade honeys
are gamma-irradiated to eradicate bacterial spores which may be present in raw honey.
Manuka honey is obtained from the natural environment and medical-grade Manuka honey
is standardized based on antibacterial activity of individual batches. Standardization of RS
honey, the source for Revamil®, is based on a controlled production process in greenhouses
which results in reproducible bactericidal activity (9).

In the current study we assessed the contribution of honey bactericidal factors for rapid
and slow bactericidal activity of RS and Manuka honey against B. subtilis, MRSA, E. coli and P.
aeruginosa. The results of these studies are summarized in Table |.The main conclusion is
that these honeys exert their bactericidal activity through entirely different sets of active
compounds, resulting in distinct kinetics and spectra of activity.

Honey may be used either for treatment of infection or as antibacterial prophylaxis. Honey
applied to wounds is diluted by wound exudate and the hygroscopic characteristics of
honey. Treatment of infections requires rapid bactericidal activity whereas prophylactic
application demands antibacterial activity up to a high dilution, and sustained rather than
rapid bactericidal activity.

RS honey was much more potent with respect to rapid bactericidal activity than Manuka

honey. RS honey effectively killed the important wound pathogens E. coli and P. aeruginosa
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within 2 hours while Manuka honey lacked such activity. Bee defensin-1 and H,O, were
responsible for most of the rapid activity of RS honey. The absence of these compounds
in Manuka honey explains its lack of rapid bactericidal activity. Both RS and Manuka honey
lacked rapid activity against MRSA.With respect to slow bactericidal activity - as measured
after 24 hours of incubation - Manuka honey was more potent than RS honey, most notably

against MRSA and B. subtilis mainly by an MGO-dependent mechanism of killing.

ADDITIONAL BACTERICIDAL FACTORS IN MANUKA

In earlier studies, before the discovery of MGO, acidic (17) and phenolic compounds (18;19)
were isolated from Manuka honey. The contribution of these factors to the bactericidal
activity was questioned at that time, since their concentrations in Manuka honey were far
too low to account for all observed activity (20). Our study shows that MGO is the major
bactericidal factor, but that additional cationic and non-cationic factors do contribute to the
activity, albeit to a minor extent. It is possible that these factors are the acidic and phenolic

compounds, that were isolated before MGO was discovered.

OVERESTIMATION OF ACTIVITY OF MANUKA IN UMF ASSAY

The antibacterial activity of medical-grade Manuka honey is routinely estimated using an
agar diffusion assay with S. aureus (21), a species known for its high susceptibility to Manuka
honey (22). This method, however, has several major limitations for characterization of the
antibacterial activity of honey. Firstly, antibacterial activity of honey against a single bacterial
species is not representative for activity against other species, since different species are
killed by honey by distinct antimicrobial factors. In the current study we show that S. aureus
is highly susceptible to Manuka honey due to the high levels of MGO. In contrast, E. coli
and P. aeruginosa are substantially less susceptible to Manuka due to their relatively low
susceptibility to MGO and due to the absence of other bactericidal factors.

Secondly, in the agar diffusion assay the activity of honey is estimated by the size of the
growth inhibition zone. Since the size of such zones depend on the rate of diffusion of
antibacterial factors through the agar matrix, the observed activity is influenced by the size
of the antibacterial factors. A honey with large but potent antimicrobial factors thus may
erroneously be characterized as having low activity.

Thirdly, the agar diffusion test does not allow quantification of bactericidal activity or kinetics
of killing. Such analysis is essential to assess the potential of honey for treatment of infection.
In the current study, these limitations were overcome by the use of a quantitative liquid

bactericidal assay with a panel of representative bacterial pathogens.
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WHY NO H,O, OR BEE DEFENSIN-I IN MANUKA?

Honeys show wide variation in their capacity to produce H,O,; some honeys do not
accumulate H,O, at all (5;14).As we have shown for Manuka, absence of H,O, can severely
limit the rapid bactericidal activity of honey. Several reasons for the absence of H,O, in
honey have been proposed. Medical-grade Manuka honey is carefully protected from heat
and light during production and storage, so glucose oxidase inactivation due to exposure
to excess heat or light (23;24) is not a likely explanation. However, H,O,-neutralization
by catalase originating from nectar (25) or chemical scavenging of H,O, (26) might be the
underlying mechanisms.

Manuka honey also lacks detectable amounts of bee defensin-1. Bee defensin-| is produced
by the honey bee hypopharyngeal gland (27). This gland is involved in production of royal
jelly and honey (28;29). Bee defensin-| has indeed been isolated from both royal jelly (30)
(therein referred to as ‘royalisin’) and from honey (10).The amount of bee defensin-1 in royal
jellies obtained from different apiaries varies strongly (31), with some samples completely
devoid of this peptide.This implies that bee defensin-1 expression in hypopharyngeal glands
varies strongly, and this phenomenon could explain the difference in bee defensin- | levels in
RS and Manuka honey.

A possible reason for variation in bee defensin-| expression could be the genetic variability
of the defensin| gene (27). Alternatively, the presence of several immune responsive elements
including an NF-kB binding site in this defensin| gene (27) suggests that differences in bee
defensin-1 expression might also be related to honey bee health status. So, variation in
bee defensin-| expression in royal jelly and in honey might be caused by genetic as well as

environmental differences.

WHY MGO SPECIFICALLY IN MANUKA?

Whereas Manuka honey lacks H,O, and bee defensin-1, it contains a high concentration of
MGO. It was recently reported that the high level of MGO in Manuka honey originates from
dihydroxyacetone (DHA), which is present at exceptionally high concentration in the nectar
of Manuka trees (Leptospermum scoparium) (32). During storage of honey, DHA is non-
enzymatically converted to MGO. (32) It remains unknown however how DHA is formed in

nectar and why it is present in such large amounts in Manuka trees.

CONCLUDING REMARKS
In this study we demonstrated that RS and Manuka honey contain very different levels of
known honey bactericidal factors, which results in distinct bactericidal spectra and kinetics

of killing. This information is relevant in view of clinical application of these honeys. Our
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results suggest that RS honey with its rapid bactericidal activity would be the better choice
for use in treatment of infections, while Manuka honey with its potent but slow activity
would be better suited for prophylactic applications.

Thus, detailed knowledge of the bactericidal mechanisms will contribute to the development
of optimized honeys for specific medicinal purposes, possibly by mixing honeys with desired

I)’

characteristics. Such honeys may be valuable “novel” antimicrobials to combat antibiotic-

resistant bacteria.
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ABSTRACT

Honey has potent activity against both antibiotic-sensitive and -resistant bacteria and is
an interesting agent for topical antimicrobial application to wounds. As honey is diluted by
wound exudate, rapid bactericidal activity up to high dilution is a prerequisite for its successful
application.VWe investigated the kinetics of killing of antibiotic-resistant bacteria by RS honey,
the source for production of Revamil® medical-grade honey. RS honey killed methicillin-
resistant Staphylococcus aureus (MRSA) and extended-spectrum beta-lactamase-producing
(ESBL) Escherichia coli only after 24 hours of incubation. We therefore aimed to enhance
the rapid bactericidal capacity of RS honey (within 2 hours of incubation). Enrichment of
honey with its endogenous bactericidal compounds H,O, or bee defensin was not possible,
because this required potentially toxic concentrations of H,O,, while increasing the bee
defensin-1 concentration only slightly affected MRSA survival. Also enrichment of RS honey
with the human antimicrobial peptide LL-37 did not increase its bactericidal activity. The
addition of the designed peptide Bactericidal Peptide 2 (BP2), however, did enhance the rapid
bactericidal activity of RS honey against MRSA. RS honey enriched with 75 yM BP2 could
be diluted 20-fold and still killed >99.9% of the MRSA inoculum. This BP2-enriched honey
also rapidly killed antibiotic-resistant strains of E. coli, Pseudomonas aeruginosa, Staphylococcus
epidermidis and Enterococcus faecium up to 10-20 fold dilution. Thus, RS honey enriched with
BP2 rapidly killed all bacteria tested and had a broader spectrum of bactericidal activity than
either BP2 or RS honey alone.
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INTRODUCTION

Antibiotic-resistant bacteria pose a very serious threat to public health. For all antibiotic
classes, including the major last resort drugs, resistance is increasing worldwide (1;2). Even
more alarming, very few new antibiotics are being developed (1;3),so alternative antimicrobial
strategies are urgently needed.

The potent in vitro activity of honey against antibiotic-resistant bacteria (4) and its successful
application in treatment of chronic wound infections not responding to antibiotic therapy
(5) resulted in a revival of the interest in honey as antibacterial agent (6-8). Important
prerequisites for application of honey as antimicrobial agent are reproducible and rapid
bactericidal activity (9) and knowledge of its mechanism of action.

Honey collected from the natural environment shows large variation in antibacterial
activity (10;11). The honey used as a source for Revamil® medical-grade honey (RS honey)
is produced under standardized conditions in greenhouses, and is sterilized by gamma-
irradiation to kill potentially present bacterial spores. Gamma irradiation is known not
to affect honey bactericidal activity (12). Revamil® has broad spectrum, batch-to-batch
reproducible bactericidal activity in vitro. It has been shown that it can strongly diminish
microbial colonization of the human skin (I13). We have recently identified all major
bactericidal factors in RS honey, i.e. its high sugar concentration, H,O,, low pH, methylglyoxal
(MGO) and the cationic antimicrobial peptide bee defensin-1 (14).

In the current study we show that RS honey has potent bactericidal activity, but this
requires prolonged exposure of the target organisms. RS honey lacks rapid bactericidal
activity against several important antibiotic-resistant wound pathogens, including methicillin-
resistant Staphylococcus aureus.VVe were not able to augment the bactericidal activity of RS
honey by enrichment with endogenous honey bactericidal compounds, but addition of the

synthetic antimicrobial peptide BP2 did result in broad spectrum rapid bactericidal activity.
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MATERIALS AND METHODS

HONEY
Unprocessed Revamil® source (RS) honey was kindly provided by Bfactory Health Products
(Rhenen, The Netherlands).

PEPTIDES

BP2 (GKWKLFKKAFKKFLKILAC) and LL-37 were synthesized at Pepscan Systems (Lelystad,
The Netherlands) using solid-phase Fmoc (9-fluorenylmethoxycarbonyl) chemistry with a
free amine at the N-terminus and a free amide at the C-terminus. Peptides were HPLC-
purified and purity (>95%) and mass were confirmed by ionspray mass spectrometry. The
lack of disulphide formation between free cysteines of BP2 was confirmed by Q-TOF/MS

analysis.

MICROORGANISMS

Bactericidal activity was assessed against clinical isolates of methicillin-resistant Staphylococcus
aureus (MRSA), vancomycin-resistant Enterococcus faecium (VREF), extended-spectrum beta-
lactamase producing Escherichia coli (E. coli ESBL) and Pseudomonas aeruginosa ESBL and
against the Burkholderia cepacia ATCC 25416 type strain.

DETERMINATION OF H/O, CONCENTRATION IN HONEY

Hydrogen peroxide concentrations in honey were determined quantitatively using a
modification of a method described by White & Subers (15). Undiluted and ten-fold diluted
samples of honey (40 pl) were mixed in wells of microtiterplates with 135 pl reagent,
consisting of 50 pug/ml o-dianisidine (Sigma) and 20 pg/ml horseradish peroxidase type IV
(Sigma) in 10 mM phosphate buffer pH 6.5. o-Dianisidine was freshly prepared as a | mg/ml
stock in demineralized water and peroxidase was diluted from a 10 mg/ml stock in 10 mM
phosphate buffer pH 6.5 stored at -20 °C. After 5 min. of incubation at room temperature,
reactions were stopped by addition of 120 ul 6 M H,SO, and absorption at 540 nm was
measured. Hydrogen peroxide concentrations were calculated using a calibration curve of
2-fold serial dilutions of H,O, ranging from 2200 to 2.1 M.

LIQUID BACTERICIDAL ASSAY
Bactericidal activity was quantitatively assessed in low protein binding polypropylene
microtiterplates (Costar Corning). Bacteria from logarithmic phase cultures in 3% (w/v)

trypticase soy broth (TSB; BD Difco) were washed twice with incubation buffer containing
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10 mM phosphate buffer pH 7.0 supplemented with 0.03% (w/v) TSB and were suspended
at a concentration of 5x10¢ CFU/ml, based on optical density. A 50% (v/v) stock solution of
honey was freshly prepared in incubation buffer. For enrichment with antimicrobial peptides,
an aliquot of 1.2 mM LL-37 or BP2 stock solutions was added to 50% honey solutions to
obtain 37.5 pM of peptide, thus corresponding to enrichment of undiluted honey with 75
uM of the respective peptides. Eighty microliter of diluted honey was mixed with 20 pl of a
bacterial inoculum containing 5x10® CFU/ml, and plates were incubated at 37°C on a rotary
shaker at 150 rpm.At indicated time points, duplicate 10 pl aliquots of undiluted and |0-fold
serially diluted incubations were plated on blood agar. Dilutions were prepared in incubation
buffer with 0.025% sodium polyanetholsulphonate (SPS; Sigma), which neutralizes cationic
bactericidal components (16). Bacterial survival was quantified after overnight incubation at
37 °C.The detection level of this assay is 100 CFU/ml.

To determine the LC99.9 values of LL-37 and BP2, 25 pl aliquots of 2-fold serially diluted
peptide in incubation buffer were prepared in polypropylene microtiterplates (Costar
Corning) and to each of the wells 25 pl of a bacterial suspension containing 2x10¢ CFU/ml
was added. After 2 h 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. LC99.9 was defined as the lowest concentration of peptide which killed >99.9% of the
inoculum of 10¢ CFU/ml after 2 h.

PARTIAL PURIFICATION OF BEE DEFENSIN-I

We previously demonstrated that bee defensin-1 is the only bactericidal factor in the >5
kDa fraction of RS honey (14). To prepare a >5 kDa fraction, |5 ml of 20% honey was
centrifuged in a 5 kDa molecular weight cut-off Amicon Ultra-15 tube (Millipore) at 4000 x
g for 45 min. at room temperature. The >5 kDa retentate was subsequently washed three

times in the filter tube with 15 ml of demineralized water and concentrated to 0.3 ml.
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RESULTS

KINETICS OF BACTERICIDAL ACTIVITY OF RS HONEY

We determined the kinetics of killing of various antibiotic-resistant bacterial pathogens
by different dilutions of RS honey. RS honey at a concentration of 40% killed methicillin-
resistant Staphylococcus epidermidis (MRSE), vancomycin-resistant Enterococcus faecium
(VREF), enhanced-spectrum beta-lactamase-producing (ESBL) Pseudomonas aeruginosa and
Burkholderia cepacia within 2 hours, while killing of methicillin-resistant Staphylococcus aureus
(MRSA) and ESBL Escherichia coli required 6 hours (Fig. 1). RS honey at a concentration
of 20% killed B. cepacia within 4 hours incubation, while activity against all other bacteria
required 24 hours of incubation (Fig. I). RS honey diluted to 10% killed MRSA and MRSE
after 24 hours but lacked activity against all other bacteria tested (Fig. I).

Even in undiluted RS honey, survival of MRSA was not affected within 2 hours (supplemental
Fig. 2) of incubation and numbers of CFU of E. coli ESBL were only reduced by 2.3-log. After
24 hours incubation in undiluted honey, the entire E. coli inoculum was killed but numbers of
CFU of MRSA were only reduced by |-log (supplemental Fig.2). In summary, RS honey did
not rapidly kill MRSA and E. coli ESBL, and rapid activity against all other species tested was
abolished upon dilution of the honey to < 20%.
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Figure |. Kinetics of killing of various antibiotic-resistant bacteria by RS honey. Bacteria were
incubated in honey diluted to 40% (squares), 20% (triangles) and 10% (diamonds). At indicated time
points survival was determined quantitatively.
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H,O, CONCENTRATION REQUIRED FOR RAPID KILLING OF MRSA

Since MRSA and E. coli ESBL were not rapidly killed by RS honey, we assessed whether the
endogenous concentrations of bactericidal compounds in RS honey might be too low for
rapid activity. Dilution of RS honey to 30% was optimal for H,O, accumulation, resulting
in maximal concentrations of 22.5 * |.3 pg/ml and 148.4 + 27.8 pg/ml H,O, after 2 and 24
hours, respectively (Fig. 3A) In incubations not containing honey but only H,O,, 3200 pg/ml
H,O, was required to kill MRSA within 2 hours (Fig. 3B).This is 142 times the concentration
of H,O, that maximally accumulated in RS honey after a similar 2 hours incubation period,
indicating that the H,O, concentration in honey is far too low for rapid activity against MRSA.
In view of possible toxicity (see discussion), it is not feasible to increase the concentration
of H,O, in honey to the level required for rapid killing. For similar reasons we did not assess
enrichment of RS honey with MGO.

1001 [
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s 101 Figure 2. Bactericidal activity of undiluted RS honey. Bactericidal
§ 14 activity of undiluted honey against MRSA (white bars) and E. coli
2 ESBL (grey bars). Inocula of approximately 10° CFU in 4 microliter
» 0.1 were added to 0.5 ml undiluted honey. At indicated time points,
0.01 samples were diluted with one volume of incubation buffer and
' — = subsequently survival was quantified as described for the liquid
2h  24h bactericidal assay.
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Figure 3. Concentration of H,O, required for activity against MRSA. (A) Production of H O, in
diluted RS honey.Accumulation of H,O, in indicated concentrations RS honey was assessed at 2 hours
(squares) or 24 hours (triangles) after dilution. (B) Bactericidal activity of solutions containing only
H,O,. Survival of MRSA was assessed after 2 hours (white bars) or 24 hours (grey bars) of incubation
with the indicated concentrations of H,O,,.
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BEE DEFENSIN-1 CONCENTRATION REQUIRED FOR RAPID KILLING OF MRSA
Next, we assessed the contribution of bee defensin-1 to rapid bactericidal activity of RS
honey. At the concentration present in undiluted RS honey, bee defensin-| effectively killed
Bacillus subtilis, a highly bee defensin-|-susceptible organism (14), within 2 hours (Fig. 4A).
However, this peptide had no substantial activity against MRSA, E. coli ESBL or VREF (Fig. 4A).
Even at an 8-fold higher concentration, bee defensin-1 reduced numbers of CFU of MRSA
after 2 hours by only |-log (Fig. 4B).

Thus, it was not feasible to enhance the rapid bactericidal activity of RS honey by increasing

the concentrations of the endogenous bactericidal compounds H,O, and bee defensin-1.

ENHANCED RAPID BACTERICIDAL ACTIVITY OF LL-37-ENRICHED HONEY

Antimicrobial peptides are well-known for their rapid bactericidal activity and low risk for
resistance development. The antimicrobial peptide bee defensin-1 from RS honey rapidly
killed B. subtilis. However, this peptide only had activity against a narrow spectrum of bacteria.
We therefore assessed the potential of LL-37, a broad spectrum human antimicrobial
peptide expressed in neutrophils and various epithelial cells (17;18), to enhance the rapid

bactericidal activity of honey.
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Figure 4. Bactericidal activity of bee defensin-1. Bactericidal activity of bee defensin-1 was assessed
using the >5 kDa fraction of RS honey in which bee defensin-1 is the only antibacterial factor present
(14). (A) Bactericidal activity of bee defensin-| against various bacteria was assessed after 2 hours
(grey bars) or 24 hours (hatched bars) of incubation at the concentration of this peptide as present
in undiluted RS honey.As a control, bacteria were incubated for 2 hours in incubation buffer (white
bars). (B) Bactericidal activity of concentrated bee defensin-| against MRSA after 2 hours of incubation.
Incubation in buffer was used as a control.
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We enriched RS honey with tenfold excess (75 pM) of the concentration LL-37 required to
kill the entire inoculum of MRSA (Fig. 5A).The lethal concentration of LL-37 for 99.9% of the
inocula (LC99.9) of MRSA and E. coli in 2 hour incubations were 7.5 and 1.9 pM, respectively
(Fig. 5A). Enrichment of RS honey with LL-37 substantially improved the activity against E. coli
ESBL and VREF but not against other bacteria tested (Fig. 5B). LL-37-enriched honey retained
bactericidal activity against E. coli ESBL and VREF up to 20-fold dilution, which was a major
improvement compared to non-enriched honey (Fig. 5B). The LC99.9 of LL-37 in honey
however was 4-fold higher than in incubation buffer (Fig. 5B), indicating that honey inhibited
LL-37. Inhibition was even more clear from the tests with MRSA, MRSE and P. aeruginosa.
Enrichment with LL-37 did not substantially improve the activity of honey while LL-37 alone
effectively killed these bacteria (Fig. 5B).

ENHANCED BACTERICIDAL ACTIVITY OF BP2-ENRICHED HONEY

To obtain more effective enhancement of honey bactericidal activity, the synthetic
antimicrobial peptide Bactericidal Peptide 2 (BP2) was tested. BP2 has potent activity in
physiological salt concentrations and in plasma, and is effective in vivo in a mouse model of
biomaterial-associated infection(19).The LC99.9 concentrations of BP2 for MRSA and E. coli
in 2 hour incubations were 1.9 and 3.8 pyM, respectively (Fig. 6A). RS honey enriched with
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Figure 5. Efficacy of LL-37 to enhance rapid bactericidal activity of RS honey. (A) Survival of MRSA

(squares) and E. coli ESBL (triangles) after 2 hours of incubation in indicated concentrations of LL-37 in
incubation buffer.A concentration of 7.5 pM LL-37 was required to kill the entire MRSA inoculum. (B)
Bactericidal activity of RS honey enriched with 10 times the concentration of LL-37 (75 pM) required
to kill the entire MRSA inoculum. Indicated microorganisms were incubated for 2 hours in 2-fold serial
dilutions of 75 pM LL-37 (white bars), RS honey alone (grey bars) or RS honey enriched with 75 yM
LL-37 (black bars).The highest dilutions of these preparations killing at least 99.9% of the inocula are
indicated. Mean + SEM values of independent triplicate incubations are shown.
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tenfold excess (75 pM) of the concentration BP2 required to kill the entire MRSA inoculum
(Fig. 6A\) retained bactericidal activity against all bacteria tested up to 20-fold dilution, except
for P. aeruginosa (Fig. 6B), which was killed by up to a 10-fold dilution of this enriched RS
honey (Fig. 6B). Non-enriched RS honey lacked rapid bactericidal activity for all bacteria
tested when diluted more than 2.5-fold.

The activity of BP2 against E. coli ESBL and VREF was not inhibited in honey (Fig. 6B). Killing of
MRSA, MRSE and P. aeruginosa ESBL required 2-4 fold higher concentrations of BP2 in honey
than in buffer (Fig. 6B).This indicates a slight reduction of BP2 activity in honey, but markedly
less than the observed inhibition of LL-37 in honey.We conclude that enrichment with 75

puM BP2 markedly enhanced the rapid bactericidal activity of RS honey.
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Figure 6. Efficacy of BP2 to enhance rapid bactericidal activity of RS honey. (A) Survival of MRSA
(squares) and E. coli ESBL (triangles) after 2 hours of incubation in indicated concentrations of BP2 in
incubation buffer. At 7.5 pM LL-37 the entire MRSA inoculum was killed. (B) Bactericidal activity of
RS honey enriched with 10 times the concentration of BP2 (75 uM) required to kill the entire MRSA
inoculum. Indicated microorganisms were incubated for 2 hours in 2-fold serial dilutions of 75 pM
BP2 (white bars), RS honey alone (grey bars) or RS honey enriched with 75 uM BP2 (black bars).The
highest dilutions of these preparations killing at least 99.9% of the inocula are indicated. Mean + SEM
values of independent triplicate incubations are shown.
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DISCUSSION

HONEY LACKS RAPID BACTERICIDAL ACTIVITY

The potent activity against antibiotic-resistant pathogenic bacteria makes honey an interesting
agent to treat topical infections not responding to antibiotics. Ideally, honey used for such
applications should have rapid and broad spectrum bactericidal activity. In addition, honey
should remain active upon dilution, since honey will rapidly be diluted at the wound interface
due to its hygroscopic characteristics and the presence of wound exudate.

RS honey has reproducible,broad spectrum bactericidal activity in vitro and effectively reduces
microbial colonization of human skin (I13). Our present results, however, show that the
activity of this honey against major wound-infecting pathogens including MRSA is not rapid.
Honey does have rapid activity against other bacteria, but this activity is lost when RS honey
becomes diluted. Of note, B. cepacia, an otherwise notoriously antibiotic resistant pathogen,
proved to be the most honey-susceptible organism. Enhancement of activity of RS honey
with its endogenous microbicidal compounds appeared not to be feasible, but addition of the

cationic antimicrobial peptide BP2 did increase the activity to the desired levels.

ENHANCEMENT OF BACTERICIDAL ACTIVITY WITH ENDOGENOUS
HONEY BACTERICIDAL FACTORS

We recently identified all bactericidal factors in RS honey using an approach of successive
neutralization of individual factors combined with activity-guided isolation of factors
responsible for residual bactericidal activity (14).Thus, we determined that the high sugar
concentration, H,O, production, MGO, the low pH and bee defensin-1 were responsible for
bactericidal activity of RS honey. Of these factors, only H,O, and bee defensin-1 contributed
substantially to rapid bactericidal activity of RS honey (chapter 7).

In order to enhance the rapid bactericidal activity of RS honey, we first assessed the potential
of H,O, and of bee defensin-1. Upon dilution of honey, H,O, is produced by the glucose
oxidase enzyme from the bees. Production of H,O, was highest in RS honey diluted to 30%,
in which 22.5 and 148 pg/ml accumulated after 2 and 24 hours, respectively. In a study with
90 different honeys, 12 + 19 pg/ml hydrogen peroxide (range 0 - 72 pg/ml) accumulated in
honey diluted to 20% (w/v) after 4 hours (15), indicating that RS honey produces relatively
high levels of H,O.,.

MRSA is highly susceptible to H,O,-mediated killing by RS honey upon incubation for 24 hours
(14). Killing of MRSA within 2 hours by H,O, in absence of honey required a concentration
as high as 3200 ug/ml H,O, (corresponding to a 0.32% (w/v) solution).A 3% (w/v) solution

of H,O, is frequently used briefly for wound cleansing. Such a high concentration of H,O, is
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toxic to human cells in vitro upon prolonged exposure (20;21), and even short-term contact
to skin can result in inflammation, blistering and severe skin damage (22). Although the
concentration of H,O, required to kill MRSA was not as high as the levels which result in
acute toxicity, we did not consider increasing the levels of H,O, as a possibility to improve
the rapid bactericidal activity of RS honey.

Bee defensin-| (also referred to as royalisin (23)) is a 51-residue antimicrobial peptide
identified in honey bee hemolymph, royal jelly and in honey (14;23;24). Because of its
complicated folding with three intramolecular cysteine bonds, synthetic production of bee
defensin-1 is not possible and recombinant production would be highly challenging. Bee
defensin-| effectively kills B. subtilis but lacks activity against all other bacteria tested at a
concentration equivalent to that in undiluted honey. Even at an 8-fold higher concentration,
bee defensin- | only slightly reduced survival of MRSA.The narrow spectrum of its bactericidal
activity renders bee defensin- | unsuited for enhancement of the bactericidal activity of honey.
MGO - present in RS honey at the relatively low concentration of 0.25 mM - contributes
substantially to the bactericidal activity after 24 hours of incubation (14), but does not
contribute to rapid killing (25). We previously determined that Manuka honey containing a
high concentration of MGO (10.9 mM) also lacks rapid bactericidal activity against MRSA, E.
coli and P. aeruginosa (25), indicating that even a high concentration of MGO does not provide
honey with rapid killing capacity.

MGO is a reactive intermediate formed during glycolysis and amino acid metabolism (26)
and various detoxification systems have evolved in different organisms to neutralize MGO
(27;28). MGO toxicity involves direct inhibition of enzymes, genomic modifications resulting
in carcinogenesis and protein modifications resulting in the formation of advanced glycation
endproducts (26). Such advanced glycation endproducts affect protein functionality and
are believed to be main determinants for pathological effects related to diabetes (29;30).
Because of the lack of rapid bactericidal activity of MGO in Manuka honey and concerns
regarding potential toxicity of this compound we did not pursue to augment the activity of
RS honey with MGO.

Other honey bactericidal factors are the high sugar concentration and low pH. Honey is a
super-saturated sugar solution, so it is not possible to further increase its sugar concentration.
RS honey has a pH of 3.2, which is at the lower end of the pH range found for honeys (3.2 -
4.5) (14).Even such a low pH only contributed to the activity against B. subtilis after 24 hours
of incubation, and not to the activity against other bacterial species (14).Therefore, the sugar
concentration and low pH were not suited as factors for enhancement of the bactericidal

activity of honey.
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ENHANCEMENT OF BACTERICIDAL ACTIVITY BY ADDITION OF
EXOGENOUS ANTIMICROBIAL PEPTIDES

In contrast to bee defensin-1, most AMPs have broad spectrum bactericidal activity. The
human «-helical AMP LL-37 is one of the best characterized AMPs. It is produced in
phagocytic leukocytes and secreted by various epithelia in skin and mucosal surfaces (31;32)
and is important for local antimicrobial activity (33;34). Despite the potent activity of LL-37
in incubation buffer, its activity was strongly inhibited in the presence of honey.This renders
LL-37 unsuited for augmentation of the bactericidal activity of honey.

BP2 is a synthetic AMP with very rapid broad spectrum microbicidal activity, which is retained
in plasma and in physiological salt solution (19). BP2 also effectively kills Staphylococcus
epidermidis in vivo, in a murine model of biomaterial-associated infection (19), indicating its
potential for clinical application. The activity of BP2 against E. coli ESBL and VREF was not
inhibited in honey, while activity of BP2 against MRSA, MRSE and P. aeruginosa ESBL required
2-4 fold higher concentrations in honey than in buffer. Thus, BP2 certainly was suited for
enrichment of honey.

B. cepacia is notorious for its intrinsic resistance against antibiotics (35) and against AMPs
(36); it actually was the most resistant species in extensive surveys of antibiotic efficacy, with
not a single antibiotic effective against all B. cepacia isolates tested (37). B. cepacia indeed
was not susceptible to LL-37 (36) or to BP2 (19), and addition of BP2 did not enhance
the bactericidal activity of RS honey against B. cepacia (not shown). Fortunately, B. cepacia
proved to be highly susceptible to RS honey itself, underlining the potency of honey as an
antimicrobial agent.

In summary, we were able to enhance the bactericidal activity of honey by enrichment with
the antimicrobial peptide BP2. BP2-enriched RS honey had rapid bactericidal activity up to
a high dilution and had a broader spectrum of activity than either agent alone. This offers
prospects for development of clinically applicable honey-based antimicrobials with rapid and

broad-range microbicidal activity.
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GENERAL DISCUSSION AND SUMMARY

Antibiotic-resistant bacteria pose a very serious threat to public health. Resistance of
bacterial pathogens against most classes of antimicrobial agents is increasing worldwide
while very few new antibiotics are being developed (1;2).Therefore alternative antimicrobial
strategies are urgently needed.

Cationic antimicrobial peptides (AMPs) are an essential component of defence of
multicellular organisms against invading microorganisms. AMPs have been identified in
virtually all organisms, but despite their large abundance, only few bacteria have been able to
develop resistance against this class of molecules. AMPs are therefore promising candidates
as alternative to antibiotics. Thrombocidins (TCs) are microbicidal proteins of human blood
platelets. We characterized the structural requirements for microbicidal activity of TC-I,
the most potent thrombocidin, and designed TC-1 variants and TC-derived peptides with
enhanced antimicrobial activity.

One of the oldest medicines of mankind is honey. It has mainly been applied as anti-infective
agent in wound healing and nowadays it is still used in many cultures.The potent antimicrobial
activity against antibiotic-resistant bacteria has renewed the interest in application of honey
in modernWestern medicine.VWe assessed the antimicrobial activity of medical-grade honeys
and identified factors responsible for this activity. In the final part of this thesis, we aimed
to enhance the bactericidal activity of medical-grade honey by enriching the honey with

antimicrobial peptides.

STRUCTURAL REQUIREMENTS FORANTIMICROBIAL ACTIVITY OFTC-I
TC-1 and TC-2 are derivatives of the chemokines NAP-2 and CTAP-Ill, respectively, only
differing by a two amino acid C-terminal truncation (3).This truncation however is essential
for potent antimicrobial activity. Chemokines were initially characterized as small cytokines
with chemoattractant activity towards neutrophils or monocytes, but these molecules can
also regulate angiogenesis, vascular and neuronal development and tissue repair (4-7). More
and more chemokines are also known to have direct antimicrobial activity (8-12), which is
associated with the presence of a distinct cationic patch at their surface (11).

TC-1I has a positive patch consisting of several residues in the turn between the second and
third B-sheet, several on one face of the C-terminal &-helix and a single residue (K17) in
the turn prior to the first B-sheet (chapter 3). Structural analysis revealed that a synthetic
peptide corresponding to the X-helical region of NAP-2 is much more flexible than a similar
peptide of TC-I; the C-terminus of the NAP-2 peptide folds back to interact with the

positively charged region of the X-helix (13). Using backbone dynamic studies, we show
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that the last two residues of intact NAP-2 are highly restrained, most likely by electrostatic
interactions, whereas the TC-| C-terminus is much more flexible (chapter 2).This strongly
suggests that the negatively charged C-terminus of NAP-2 is involved in electrostatic

interactions with the positive patch and in that way interferes with antimicrobial activity.

CONTRIBUTION OF THE POSITIVE PATCH FOR ANTIMICROBIAL
ACTIVITY OFTC-I

To obtain experimental evidence for the contribution of the positive patch to antimicrobial
activity, we designed several TC-1| variants with a modified positive patch.WVe first substituted
residue K17, which occupies a central position within the positive patch,for an alanine residue
(chapter 3).This substitution substantially reduced the charge-density of the positive patch
and strongly reduced the antifungal activity . In contrast, this mutation only slightly affected
the activity of TC-| against bacteria (chapter 3).This indicates that the positive patch is
involved in antimicrobial activity, but that the requirements for this patch are more strict for
antifungal activity than for activity against bacteria. Enhancement of the size or charge-density
of the positive patch at specific positions substantially increased antibacterial activity, but did
not markedly affect antifungal activity (chapter 3).These differential effects on antibacterial
and antifungal activity strongly suggest that this patch interacts via different mechanisms
with bacteria and fungi. The possibility of distinct mechanisms of bactericidal and fungicidal
activity is supported by the fact that several other AMPs and antimicrobial chemokines also
have selective activity against either bacteria or (subclasses of) fungi (14-17). We have thus
demonstrated that the positive patch is important for antimicrobial activity of TC-I, and

knowledge of this positive patch allowed the design of TC-I variants with enhanced activity.

LINEARTC-DERIVED PEPTIDES HAVE ANTIMICROBIAL ACTIVITY

The TC-I positive patch is composed of different regions of the primary structure of TC-1,
which implies that a specific conformation of this molecule is required to form this patch.
Strikingly, linearized TC-I retains antimicrobial activity,an observation that was recently also
reported for another antimicrobial chemokine, CCL28 (18).We therefore assessed whether
linear TC-derived regions could exert antimicrobial activity. The C-terminal X-helical region
of many antimicrobial chemokines, including that of TC-1, has a net positive charge and an
amphipathic structure resembling that of AMPs. Peptides corresponding to the C-terminal
®-helical region of several chemokines indeed have antimicrobial activity (19;20),but peptides
derived from the similar region of TC-I had only minor antimicrobial activity (chapter 3
and Nguyen et al., 2009). However, peptides derived from the N-terminal region of TC-I

exerted potent antimicrobial activity (chapter 3).This region corresponds exactly to the
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positively charged elongated N-terminal segment of TC-1.In intact TC-1 this region is highly
constrained by two cysteine bonds, but in the linearized molecule this region might adopt
a structure similar to that of the isolated peptide. This N-terminal peptide region might
therefore be responsible for the antimicrobial activity of linearized TC-1, independent of the
formation of the positive patch.

The most potent peptide, L3, has a net positive charge of +3 and its activity was even
enhanced by further increasing its positive charge by lysine substitutions. These small, potent

antimicrobial peptides might be interesting candidates as leads for novel antimicrobial agents.

RENEWED INTEREST IN HONEY ASTOPICAL ANTIBACTERIAL AGENT
Honey has since long been renowned for its antibacterial and wound healing properties
(21;22). With the advent of antibiotics, clinical application of honey was abandoned in
modern Western medicine, but the increasing frequency of antibiotic resistance and the
emerging problem of treatment failure renewed interest in honey as an antimicrobial agent
(23-26). A large number of reports indicate that honey has therapeutic benefit in assisting
wound healing (27), but most of these reports concern clinical observations rather than
randomized studies. So far, efficacy of honey has only been convincingly demonstrated
for mild to moderate superficial and partial thickness burns, where honey appears more
effective than conventional treatment for reduction of microbial colonization and wound
healing (28;29). Major obstacles for the applicability of honey as antimicrobial agent are the
incomplete knowledge of the antimicrobial compounds present in honey and the lack of
honeys with standardized composition and antibacterial activity.

Revamil® and several Manuka-based honeys (e.g. Active Manuka®, Medihoney® and Activon®
Manuka honey) are approved for application in wound treatment.The honey used as a source
of Revamil® (referred to as RS honey in this thesis) is produced under standardized conditions
in greenhouses. In contrast, Manuka honey is collected from its natural environment, and
for production of medical-grade honey batches are screened for high antibacterial activity.
Despite this standardization of production process or of the antibacterial activity, knowledge
of the components contributing to the antibacterial activity of these medical-grade honeys
is still incomplete. We therefore assessed the bactericidal activity of RS and Manuka honey

in detail and aimed to characterize the bactericidal factors involved.

BACTERICIDAL FACTORS IN RS HONEY
We show that Revamil® honey has batch-to-batch reproducible activity, kills a broad

spectrum of microorganisms including antibiotic-resistant bacteria and effectively reduces
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microbial colonization of forearm skin of healthy human volunteers (chapter 5).To unravel
the factors involved in bactericidal activity of the Revamil® source (RS) honey, we used
an approach of selective neutralization of known factors combined with activity-guided
isolation of additional factors.

Sugar and H,O, are the best described antibacterial factors in honey. Their contribution
to the activity can be determined by comparing the activity of honey to that of a honey-
equivalent sugar, and by addition of catalase, respectively. Methylglyoxal (MGO) was recently
identified as an antibacterial compound in Manuka honey (30;3 1).We developed a method to
quantify and neutralize MGO in honey based on enzymatic conversion of MGO to the non-
antibacterial compound S-D-lactoylglutathione (chapter 6).H,O,- and MGO-neutralized RS
honey still had substantially more activity than a honey-equivalent sugar solution, indicating
that additional factors must be present (chapter 6).

We identified the antimicrobial peptide bee defensin-1 in honey and demonstrated that
this peptide was responsible for most of the remaining activity in RS honey (chapter 6).
Subsequent adjustment of the pH of RS honey from 3.3 to 7.0 abolished all remaining activity.
Thus, sugar, H,O,,MGO, bee defensin-1 and the low pH were responsible for the bactericidal
activity of RS honey. This is the first time that all factors contributing to the activity of a
potent bactericidal honey have been unraveled.

In previous studies conflicting results were obtained regarding the role of the low pH in
the antibacterial activity of honey. The reason for these inconsistencies may be that, as
demonstrated in chapter 6, the contribution of the low pH was only revealed when other
bactericidal factors were neutralized. We demonstrated that the low pH was required for
bactericidal activity of 40% RS honey against Bacillus subtilis when H,O,, MGO, bee defensin-|

were neutralized (chapter 6).

BACTERICIDAL FACTORS IN MANUKA HONEY

Manuka honey is well-known for its potent non-peroxide antibacterial activity (32). It was
recently shown that the concentration of MGO in batches of Manuka honey correlate with
the non-peroxide antibacterial activity, but the actual contribution of MGO, and potentially
other factors, remained unknown (30). To determine the contribution of MGO and
potential other factors to the activity of Manuka honey, we used our approach of successive
neutralization of honey bactericidal factors. Thus, we demonstrated that MGO is indeed a
major factor for activity of Manuka honey; this compound was responsible for most of the
activity of Manuka honey against Staphylococcus aureus and B. subtilis (chapter 7). However,
Manuka honey retained substantial activity against B. subtilis, Escherichia coli and Pseudomonas

aeruginosa after neutralization of MGO, which indicates that other factors are also involved
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(chapter 7).H,O, and bee defensin-1 did not contribute to the activity of Manuka honey, as
these compounds were entirely absent in Manuka honey (chapter 7).The low pH was partly
responsible for this residual activity, and the remaining activity is exerted by a combination
of both cationic and non-cationic factors, but their identity is as yet unknown (chapter 7).
Several phenolic and acidic compounds with antibacterial activity have previously been
isolated from Manuka honey, but the contribution of these compounds was questioned
since their activity was too low to account for the potent activity of this honey (22). At that
time, it was not known that the major activity in Manuka honey was exerted by MGO.Thus,

it is not unlikely that these compounds are involved in the residual activity of Manuka honey.

VARIATION IN BACTERICIDAL FACTORS IN DIFFERENT HONEYS

RS and Manuka honey contain completely different combinations of bactericidal factors;
whereas H O, and bee defensin-1 were major bactericidal factors in RS honey, MGO and
several as yet unknown factors were involved in Manuka’s bactericidal activity (chapter
7). As a result of these differences, RS and Manuka honey have highly distinct bactericidal
properties. RS honey effectively killed B. subtilis, E. coli and P. aeruginosa within 2 hours,
whereas Manuka honey lacked such potent activity. This rapid activity is mainly exerted by
bee defensin-1 and H,O,, which explains the lack of rapid bactericidal activity of Manuka
honey.When 24 hours of incubation was allowed, Manuka honey was more potent than RS
honey, most notably against MRSA and B. subtilis. This slower activity was mainly due to the
high concentration of MGO, which explains the more potent activity of Manuka compared
to RS honey.

Large variation in H,O, accumulation in honey has been described previously (33;34). Factors
known to affect H,O, accumulation are inactivation of the H,O,-producing enzyme glucose
oxidase by exposure to heat or light (35;36), or degradation of H,O, by catalase and H,O,-
scavenging compounds originating from nectar (37;38).

Bee defensin-1 contributed substantially to the bactericidal activity of RS honey, but we did
not detect this peptide in Manuka honey (chapter 7). Weston et al. also did not detect
antimicrobial peptides in Manuka honey (39), but others have reported the contribution of
proteinaceous compounds to the antibacterial activity of several honeys, including Manuka
honey (40;41). For the majority of these honeys, the reported activity spectrum strongly
resembled the spectrum that we observed for bee defensin-1, i.e. activity against Bacillus
but not against S. aureus (chapter 9). This suggests that also in these other honeys bee
defensin-1 may be the active compound. Obviously, this requires further characterization of
these unknown proteinaceous compounds.

Bee defensin-1, together with abaecin, apidaecin and hymenoptaecin, has been identified in
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honeybee hemolymph, the insect equivalent of blood, after experimental infection of bees
with E. coli (42). Each of these peptides had a different spectrum of antimicrobial activity, but
collectively they covered all important classes of microbial pathogens (42). Bee defensin-1,
but not the other honeybee AMPs, is also found in royal jelly (43), and levels of this peptide
vary strongly among different royal jelly samples (44). Since the hypopharyngeal gland is
involved in production of royal jelly and honey (by young worker bees and older foraging bees,
respectively), it is not unreasonable to assume that variation of bee defensin-| is related to
variation in hypopharyngeal gland expression. The defensin| gene is highly polymorphic and
contains several immune responsive elements including an NF-kB binding site (43).Variation
in bee defensin-1 expression might therefore be related to genetic variability of the defensin|
locus, as well as to conditions that result in upregulation of NF-kB.

As described above, MGO is present at exceptionally high levels in some Manuka honeys,
and only at very low or even undetectable levels in other honeys. MGO in Manuka honey
originates from the nectar of the Manuka tree (Leptospermum scoparium) (45). This nectar
contains high concentrations of dihydroxyacetone which is non-enzymatically converted to
MGO during ripening of honey (45).

The large variation in MGO content of Manuka honey is supposedly due to variation in
hydroxyacetone levels in the nectar of Manuka trees (45).The reason for this large variation
in dihydroxyacetone in nectar of different Manuka trees, and why nectar of other plants

contains so little of this compound, is still unknown.

ENHANCEMENT OF THE BACTERICIDAL ACTIVITY OF HONEY

Honey applied to wounds is diluted by wound exudate. Prophylactic application, which
demands activity for prolonged periods, therefore demands antibacterial activity up to a
high dilution, whereas treatment of infections requires rapid and preferably also sustained
bactericidal activity.

RS honey rapidly kills most bacteria tested, predominantly through the action of H,O, and
bee defensin- I, while Manuka kills slower, but retains activity up to higher dilution with MGO
as the main microbicidal factor (chapter 7). Manuka and Revamil® medical-grade honey
would therefore be best suited for prophylaxis and treatment of infections, respectively.
Despite the superior rapid activity of RS honey, this honey failed to rapidly kill the important
wound pathogens MRSA or ESBL E. coli (chapter 7). Therefore we aimed to improve this
rapid bactericidal activity.

It proved impossible to enrich RS honey with its endogenous bactericidal factors to enhance
its rapid bactericidal activity: potentially toxic concentrations of H,O, or MGO would

be required to kill MRSA within 2 hours, while bee defensin-I completely lacked rapid
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activity against MRSA (chapter 8). As opposed to the rather narrow spectrum of activity
of bee defensin-1, the activity of many AMPs is predominantly broad-spectrum. The rapid
bactericidal activity of RS honey was, however, not substantially enhanced by addition of 75
MM TC-1,TC-derived peptides (not shown) or LL-37 (chapter 8). RS honey enriched with
75 pM BP2 retained activity against MRSA up to 20-fold dilution and had a broader spectrum
of rapid activity than either BP2 or RS honey alone (chapter 8).This indicates that the rapid

bactericidal activity of honey can be enhanced by enrichment with selected AMPs like BP2.

CONCLUDING REMARKS

Antimicrobial peptides as well as honey are ‘ancient’ antimicrobials. We determined the
contribution of the positive patch to the antimicrobial activity of thrombocidin-I and
designed TC-1 variants with enhanced activity.We also identified linear TC-derived peptides
with potent microbicidal activity. Such short peptides are interesting compounds as leads for
novel antimicrobial agents.

Using an approach of successive neutralization, we identified all bactericidal factors in RS
honey, the source of Revamil® medical-grade honey. This is the first report in which the
bactericidal activity of a honey has been fully unravelled. We show that RS and Manuka
honey have highly distinct compositions of bactericidal factors, resulting in large differences
in bactericidal properties. RS honey had the most potent rapid activity, which was further
enhanced by enrichment with antimicrobial peptides. Such detailed knowledge of the
bactericidal activity allows rational selection of honeys, and design and development of
honey-based products tailored for specific applications to combat infections including those

caused by antibiotic-resistant bacteria.
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Samenvatting

Antibioticaresistentie is een ernstig probleem; de percentages ziekteverwekkende bacterién
die resistent zijn tegen verschillende antibiotica nemen steeds verder toe terwijl er nauwelijks
nieuwe antibiotica beschikbaar komen. De noodzaak voor nieuwe antimicrobi€le strategieén
wordt dan ook steeds urgenter.

In hoofdstuk | van dit proefschrift worden antimicrobiéle peptiden (AMP’s) en honing
geintroduceerd als mogelijk interessante aanvullingen dan wel alternatieven voor sommige
antibiotica. AMP’s zijn een evolutionair oud element van de afweer van multicellulaire
organismen tegen een grote variéteit aan micro-organismen. Dergelijke peptiden worden
voornamelijk geproduceerd in weefsels die in contact staan met de buitenwereld en in
afweercellen die betrokken zijn bij het onschadelijk maken van micro-organismen. Een
belangrijke eigenschap van AMP’s is de gecombineerde aanwezigheid van een positief geladen
domein en een hydrofoob (vet-minnend) domein op hun oppervlak. De positieve lading zorgt
voor specifieke interactie met de negatief geladen buitenkant van micro-organismen, terwijl
het hydrofobe domein noodzakelijk is voor interactie met de celmembraan. AMP’s doden
micro-organismen door permeabilisatie (“lek maken”) van de bacteriéle celmembraan, of
door het verstoren van essenti€le intracellulaire processen.

Thrombocidines (TC’s) zijn antimicrobiéle eiwitten uit menselijke bloedplaatjes. De meest
actieve variant, thrombocidine-1 (TC-1), is zeer nauw verwant aan het chemokine NAP-2
(ook wel CXCL7 genoemd). Bij ontstekingsreacties wordt NAP-2 gevormd uit voorloper
moleculen die zich o.a. in bloedplaatjes bevinden. NAP-2 is betrokken bij activatie van
neutrofielen, wat een belangrijk proces is in de afweer tegen infecties. Het enige verschil
tussen NAP-2 en TC-| is de afwezigheid van 2 aminozuren aan het uiteinde van TC-1, de
zogenaamde C-terminus.Chemokines zijn signaalstoffen die afweercellen naar infectiehaarden
aantrekken. Verschillende chemokines blijken echter ook directe antimicrobiéle activiteit
te bezitten. Deze antimicrobiele chemokines hebben dezelfde structuurelementen als
hierboven beschreven voor AMP’s, dus een positief geladen en een hydrofoob domein. NAP-
2 bezit echter geen sterke antimicrobiéle activiteit en de C-terminale truncatie (verkorting)
van NAP-2 die leidt tot vorming van TC- 1| is vereist voor sterke antimicrobi€le activiteit. De
reden voor het grote verschil in activiteit tussen deze twee moleculen was voorafgaand aan
deze studie nog onbekend.

Honing is een ander oud antimicrobieel middel dat al duizenden jaren gebruikt wordt
bij wondgenezing. De effectiviteit van honing tegen antibiotica resistente bacterién heeft
geleid tot een toename van interesse in dit oude antimicrobiéle middel vanuit de moderne
geneeskunde. Omdat honing van nature bacteriéle sporen kan bevatten die een potentieel
probleem zijn bij gebruik op wonden, worden “medical-grade” honingen gesteriliseerd om de
mogelijk aanwezige sporen te doden. Momenteel zijn Revamil® en de van Manuka afgeleide
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honingen Medihoney® en Active Manuka® goedgekeurd voor toepassing op wonden. Er
zijn vele publicaties die verbeterde wondgenezing door honing beschrijven, maar voor het
overgrote deel betreft dit bevindingen bij individuele patiénten of kleinschalige studies.
Grotere gerandomiseerd, gecontroleerde klinische trials zijn dan ook noodzakelijk om de
effectiviteit van honing voor specifieke toepassingen goed te bepalen. De variabiliteit van de
antimicrobiéle activiteit van honing en de onvolledige kennis van het werkingsmechanisme
zijn echter een groot obstakel voor de toepasbaarheid van medical-grade honing in de
moderne geneeskunde. Het doel van dit proefschrift was het nader bestuderen van de
mechanismen van antimicrobiéle activiteit van thrombocidines en honing en het toepassen
van deze kennis om de activiteit van deze middelen te verbeteren.

Chemokines zijn opgebouwd uit een N-terminaal lineair segment,gevolgd door 3 antiparallelle
B-sheets en een C-terminale X-helix. In TC-1 en NAP-2 is de C-terminale &-helix sterk
positief geladen, maar het uiteinde bevat enkele negatieve aminozuren. Als gevolg van de
afwezigheid van één negatief geladen aminozuur, aspartaat, bij de C-terminus van TC-1, die bij
NAP-2 wel aanwezig is, is de negatieve lading van dit deel van het molecuul bij TC-1 kleiner
dan bij NAP-2. In hoofdstuk 2 hebben we de verschillen in 3-dimensionale structuur van
NAP-2 en TC-| onderzocht. Hieruit bleek dat het negatief geladen C-terminale deel van
NAP-2 weinig bewegingsvrijheid heeft en in de buurt van het positief geladen domein van
dit molecuul gepositioneerd is. In TC-1 is de C-terminus veel flexibeler en heeft daardoor
minder interactie met het positieve domein. Dit resultaat suggereert dat TC-| antimicrobiéle
activiteit verkrijgt doordat de storende werking van de negatief geladen C-terminus zoals
die bij NAP-2 aanwezig is, op het positief geladen domein is opgeheven.

Het positief geladen domein van chemokines bestaat uit aminozuren uit verschillende delen
van het molecuul die door een juiste vouwing van het eiwit gezamenlijk één domein vormen.
Op basis van de eerder opgehelderde 3-dimensionale structuur model van NAP-2 hebben
we vastgesteld dat het positieve domein van NAP-2 en TC-| bestaat uit verschillende
positief geladen aminozuren in één zijde van de C-terminale &-helix en in het keerpunt
tussen de tweede en derde B-sheet. Deze twee regio’s worden met elkaar verbonden tot
één groot positief geladen domein door aminozuur lysine-17. In hoofdstuk 3 hebben we
het belang van het positief geladen domein van TC-1 bestudeerd door te kijken naar het
effect van verstoring dan wel versterking van de positieve lading van dit domein op de
antimicrobiéle activiteit. Verstoring van dit positieve domein door lysine-17 te vervangen
voor het ongeladen aminozuur alanine leidde tot een sterke afname in de activiteit van TC-|
tegen de gist Candida albicans en tot enige afname in activiteit tegen bacterién.Verschillende
varianten met een versterkt positief domein (door het vervangen van neutrale of negatief
geladen aminozuren voor lysine) leidde tot verbeterde activiteit tegen de bacterién Bacillus
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subtilis, Staphylococcus aureus en Escherichia coli. Deze resultaten duiden op het belang van het
positieve domein voor antimicrobiéle activiteit van TC-1.Een interessante observatie was dat
ontvouwen TC-| sterke antimicrobiéle activiteit behoudt. Omdat het onwaarschijnlijk is dat
ontvouwen TC-1| spontaan de juiste conformatie aanneemt voor vorming van het positieve
domein, onderzochten wij of peptiden afgeleid van lineair TC-1 ook antimicrobi€le activiteit
vertonen. Hieruit bleek dat korte peptiden afgeleid van de TC-I N-terminus inderdaad
sterke activiteit bezitten, wat sterk suggereert dat dit gedeelte van TC-| verantwoordelijk is
voor de activiteit van het ontvouwen eiwit. De activiteit van deze peptiden kon ook worden
verbeterd door de positieve lading op specifieke posities te verhogen.

Bactericidal Peptide 2 (BP2) is een klein, synthetisch antimicrobieel peptide ontworpen op
basis van LPS-bindende domeinen van verschillende eiwitten. Dit peptide heeft zeer snelle
bactericide werking tegen een breed spectrum aan micro-organismen bij laag micromolaire
concentraties (hoofdstuk 4). BP2 behield sterke activiteit in aanwezigheid van fysiologisch
zout en in hoge concentraties humaan plasma. De in vivo activiteit van BP2 werd vervolgens
getest in een experimenteel model voor S. epidermidis biomateriaal-geassocieerde infecties.
Een bacterieel inoculum werd langs een onderhuids geimplanteerd kathetersegment
geinjecteerd en | uur na of 3 uur voor infectie werd BP2 lokaal toegediend, respectievelijk
als model voor behandeling en profylaxe (preventief gebruik). In het behandel model was
het percentage gekoloniseerde implantaten met 80% gereduceerd en het aantal bacterién in
het weefsel rond dit materiaal was |100-voudig verlaagd na toediening van BP2 in vergelijking
met implantaten waarbij geen BP2 toegediend werd. In het profylactische model waren de
aantallen bacterién op het implantaat en in het weefsel met respectievelijk 85% en 90%
afgenomen. BP2 heeft dus potente antimicrobiéle activiteit, zowel in vitro als in vivo.

Hoofdstuk 5 beschrijft de karakterisatie van de antimicrobiéle activiteit van Revamil®, een
medical-grade honing die onder gecontroleerde omstandigheden in kassen geproduceerd
wordt. Elf verschillende batches van deze honing toonden maximaal een 2-voudige
spreiding in de concentratie (8.9% — 16.7%) benodigd voor bactericide activiteit tegen B.
subtilis, wat aangeeft dat deze honing goede reproduceerbare antibacteri€le activiteit heeft.
Revamil® had sterke activiteit tegen Staphylococcus epidermidis, S. aureus en Enterococcus
faecium bij respectievelijk 10,20 en 30% honing, waarbij er geen verschil bleek te zijn in de
honinggevoeligheid van antibiotica gevoelige en —resistente isolaten.Als benadering voor een
mogelijke topicale klinische toepassing (op de huid) hebben we vervolgens onderzocht in
welke mate deze honing de huidkolonisatie van gezonde vrijwilligers kon verminderen. Na
48 uur applicatie van honing op de huid van de onderarm van gezonde vrijwilligers bleek de
mate van microbiéle kolonisatie 100-voudig afgenomen ten opzichte van de controle groep
zonder honing. Het percentage positieve kweken was afgenomen van 79% voor controle naar
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9% voor met honing behandelde huid. De reproduceerbare, breed spectrum antimicrobiéle
activiteit in vitro en de effectieve antimicrobiéle werking op humane huid geven aan dat deze
honing goede potentie heeft voor klinische topicale toepassingen.

In hoofdstuk 6 beschrijven we de volledige karakterisatie van de antibacteriéle activiteit
van “Revamil® Source” (RS) honing, de niet-gamma gesteriliseerde bronhoning voor
Revamil®. Dit is de eerste keer dat alle componenten betrokken bij de activiteit van een
sterk antibacteriéle honing beschreven worden. Om de rol van reeds bekende antibacteri€le
factoren voor de activiteit van honing te bepalen, werden deze factoren geneutraliseerd in
honing en werd het effect hiervan op de antibacteriéle activiteit gekwantificeerd. Het hoge
suikergehalte en productie van H,O, zijn de meest bekende antimicrobiéle componenten
in honing. Meer recent is daarnaast methylglyoxaal (MGO) beschreven als antimicrobiéle
component in sommige honingen. Na neutralisatie van H,O, behield RS honing beduidend
meer activiteit dan een oplossing die qua suikerconcentratie equivalent was aan honing. De
activiteit tegen de honinggevoelige bacterie B.subtilis nam zelfs helemaal niet af na neutralisatie
van H,O.,. B. subtilis is vervolgens gebruikt als indicator voor identificatie van additionele
componenten. Om de rol van MGO voor de activiteit van RS honing te kunnen bestuderen
werd een assay opgezet om deze component in honing te neutraliseren door middel van
een enzymatische omzetting met het enzym glyoxalase |. MGO droeg inderdaad bij aan de
activiteit van RS honing tegen B. subtilis, maar zelfs na neutralisatie van deze component
behield honing nog sterke activiteit. Uiteindelijk bleek het merendeel van deze resterende
activiteit veroorzaakt te worden door een klein, kationisch (= positief geladen) eiwit, ofwel
een peptide, dat we vervolgens hebben gezuiverd en geidentificeerd als bee defensin-1. Dit
is een bekend antimicrobieel peptide uit de bij, maar was niet eerder in honing aangetoond.
De lage pH van honing bleek verantwoordelijk te zijn voor de nog overgebleven activiteit.
Verschillende combinaties van de geidentificeerde componenten waren betrokken bij de
activiteit van RS honing tegen verschillende bacterién, en de combinatie van alle factoren -
de hoge suikerconcentratie, H,O,, MGO, bee defensin-1 en de lage pH - bleek noodzakelijk
voor de breed spectrum antibacteri€le activiteit.

In hoofdstuk 7 is de kinetiek van bactericide activiteit van RS honing en Manuka honing met
elkaar vergeleken.RS honing had beduidend betere activiteit tegen B. subtilis, E. coli en Pseudomonas
aeruginosa dan Manuka na 2 uur incubatie. H,O, en bee defensin-1 waren de belangrijke
componenten voor deze snelle bactericide activiteit van RS honing. Deze componenten waren
geheel afwezig in Manuka honing.Vanneer bacterién 24 uur in honing werden geincubeerd had
Manuka juist veel potentere activiteit dan RS honing, vooral tegen S. aureus en B. subtilis. MGO
was de belangrijkste factor voor deze sterke maar trage bactericide werking, maar ook suiker, de
lage pH en onbekende kationische en niet-kationische factoren droegen bij aan deze activiteit.
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Wanneer honing op wonden wordt aangebracht wordt deze snel verdund door het aantrekken
van wondvocht. Snelle bactericide activiteit is dan ook belangrijk voor toepassing van honing
voor behandeling van geinfecteerde wonden. RS honing is beduidend effectiever voor snelle
bactericide werking dan Manuka, maar desondanks worden de belangrijke wondpathogenen
methicilline-resistente S. aureus (MRSA) en enhanced-spectrum beta-lactamase-producing
(ESBL) E. coli niet snel gedood. In tegenstelling tot bee defensin-1, dat vrij specifiek werkt op
een beperkt aantal bacteriesoorten, hebben veel andere AMP’s een snelle, breed spectrum
antimicrobiéle activiteit. Dit bracht ons op de gedachte dat de antibacteri€le activiteit van
honing mogelijk verbeterd zou kunnen worden door verrijking met exogene AMP’s.

In hoofdstuk 8 hebben we onderzocht of de snelle bactericide activiteit van RS honing
verbeterd kon worden voor toevoegen van hogere concentraties van zijn endogene
antimicrobiéle componenten, of van exogene AMP’s. Van de geteste micro-organismen bleek
MRSA het meest bestand tegen snelle doding door RS honing. Verrijking met endogene
honing componenten bleek niet haalbaar, want er waren potentieel toxische concentraties
H,O, of MGO benodigd voor snelle doding van MRSA, en bee defensin-1 had nauwelijks
activiteit tegen deze bacterie na 2 uur incubatie. Aangezien verschillende AMP’s, waaronder
TC’s, LL-37 en BP2, wel in staat zijn om MRSA snel te doden, onderzochten of verrijking
van RS honing met de bovengenoemde peptiden leidde tot verbeterde snelle doding van
deze bacterie. Toevoeging van 75 pM TC-|, TC-| afgeleide peptiden of LL-37 aan honing
leidde niet tot aanzienlijke verbetering van de snelle activiteit, maar BP2-verrijkte RS honing
doodde MRSA binnen 2 uur, zelfs wanneer de honing tot 20 keer verdund werd. BP2-
verrijkte honing had ook verbeterde activiteit tegen vrijwel alle geteste bacterién, inclusief
E. coli ESBL. Burkholderia cepacia is ongevoelig voor BP2, maar werd wel snel gedood door
componenten uit de honing. Dit geeft aan dat honing verrijkt met antimicrobiéle peptiden
zoals BP2 een verbeterd antimicrobieel spectrum heeft ten opzichte van het spectrum van
honing of peptide alleen.

De resultaten beschreven in dit proefschrift leveren een aanzienlijke bijdrage aan het inzicht
in het werkingsmechanisme van de antimicrobiéle activiteit van thrombocidine-1 en honing
(hoofdstuk 9). Met het verkregen inzicht in het werkingsmechanisme van de activiteit
van zowel TC-1| als van honing bleek het mogelijk om de activiteit van deze middelen te
verbeteren. Kennis van de antibacteri€le activiteit van verschillende medical-grade honingen
maakt het mogelijk om een betere rationele keuze te maken voor gebruik van specifieke
honing voor klinische toepassingen. Daarnaast is het mogelijk om met de beschreven aanpak
andere honingen te identificeren die sterke antimicrobiéle activiteit bezitten en eventueel
interessante nieuwe componenten bevatten.
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DANKWOORD

Graag wil ik iedereen bedanken die in welke vorm dan ook heeft bijgedragen aan de
totstandkoming van dit proefschrift.

Ten eerste, mijn promoter Christina Vandenbroucke-Grauls, bedankt voor je supervisie van
mijn promotieonderzoek. Verder heb ik heel veel te danken aan mijn co-promotoren Bas
Zaat en Anje te Velde. Bas, jij bent zonder twijfel de grote sturende kracht geweest achter dit
proefschrift. Ik wil je bedanken voor de zeer prettige samenwerking en je nimmer aflatende
enthousiasme. Anje, het woensdagmiddag soepoverleg (voor jou eigenlijk het thee-met-
melk-overleg) met jou en Bas was altijd het moment om onze ideeen concreet vorm te
geven en daarbij de grote lijnen goed in de gaten te houden. Bedankt dat je hierin een
sparring-partner voor mij was.

Dave Speijer, bedankt voor je bijdrage in de zuivering en identificatie van bee defensin uit
honing en analyse van thrombocidines. Dat we jou hebben weten te overtuigen van de
relevantie van ons werk zie ik als een van de grootste mijlpalen van mijn promotietraject!
Verder wil ik ook Dave’s (ex)-collega’s Henk Dekker, Shreyas de Jong, Richard Sprenger en
Mariette Helmond bedanken voor hun bijdrage hierin.

Hans Vogel, wie had ooit kunnen bedenken dat Zwolle halverwege tussen ‘Amsterdam’ en
‘Calgary’ ligt? Jammer dat het er niet van is gekomen om zelf ervaring met NMR op te doen
in Calgary, maar ik had natuurlijk nooit aan het werk van Leo kunnen tippen. Dear Leo, thank
you for the ‘invisible’ but smooth and successful cooperation on the structural dynamics
of TC-1 and NAP-2.Your work brought the understanding of the molecular basis of the
antimicrobial activity of TC-1| to a higher level.

Marcus Schultz, onze samenwerking begon met het smeren van honing op de huid van
vrijwilligers en ondertussen hebben we bijna een klinische trial afgerond! Deze trial is sterk
verweven geraakt met mijn promotietraject en ik wil jou en alle andere betrokkenen bij de
honingstudie (met name Marcella Miiller, Jan Binnekade, Corianne de Borgie en Johan van
den Akker) bedanken voor de prettige samenwerking.

Leonie en Laura, ik ben jullie veel dank verschuldigd voor alle hulp bij de mega-uitplaatsessies
(gelukkig hebben jullie er geen rsi aan overgehouden, toch?) en de recombinant productie
van thrombocidines. Zonder jullie hulp zouden een heleboel proeven niet uitvoerbaar - en
zeker niet zo gezellig - zijn geweest.
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Verder dank aan het legertje studenten dat heeft bijgedragen aan het werk in dit proefschrift:
Oscar, Martijn Luub, Matthijs, Sadira, Jorn, Anouk, Ahmet, Hamid, Prosper, Lauren, Eva, Fatih
en Lufang.

Alle overige (oud)medewerkers van de Research Bacteriologie bedankt voor jullie hulp en
gezelligheid:Agaath,Aldert,Ankie,Arie, Carla, Corine, Ewout, Hetty, lIse, Jurgen, Marijke, Mark,
Martijn Riool, Melanie, Moon, Noud, Karin, Kim, Robert, Rogier,Valery,Virma,Wendy,Yvonne.
En verder natuurlijk ook dank aan Gerard en de Vobo, zonder jullie zou ik waarschijnlijk een
half jaar bezig zijn geweest met het afvullen van ontelbare doosjes pipetpuntjes en gieten
van bloedplaten.

ledereen bij CEMM bedankst, jullie zijn met teveel om iedereen afzonderlijk te noemen. lk heb
me altijd thuis gevoeld in jullie georganiseerde chaos wanneer ik wat proeven kwam doen of
een kopje koffie / borrel kwam drinken.

Wim, bedankt voor het layouten van dit boekje (het is prachtig geworden!), en voor alle hulp
bij het fotograferen van kweekplaten en het maken van posters.

Tineke, Hans, Carolien en Jacob: bedankt voor de prettige samenwerking binnen het SENTER
TS project.Helaas bleek het niet mogelijk om grote hoeveelheden eiwit in nectar te produceren,

maar dit project was wel de kraamkamer voor mijn verdere onderzoek aan honing.

Familie en vrienden wil ik bedanken voor een luisterend oor over zaken waar de meeste
van jullie nauwelijks een idee hebben wat het precies inhoud en natuurlijk voor de nodige
ontspanningsmomenten. Hopelijk wordt het met de Nederlandse samenvatting een beetje
duidelijker waar ik me de afgelopen jaren mee bezig heb gehouden.

Lieve Sylvie, je hebt nog maar nauwelijks besef van je eigen bestaan, maar je hebt papa heel
erg geholpen bij het afronden van dit proefschrift door (meestal) een goede slaper te zijn
en heel lief zelf te kunnen spelen. Nu dit boekje af is kunnen we vaker iets leuks doen op de
vrijdagmiddag!

Mijn liefste Regina, je hoeft nu nooit meer een antwoord schuldig te blijven wanneer iemand
vraagt hoever ik met mijn boekje ben. Bedankt voor al je steun en een luisterend oor. Ik ben
nog elke dag blij dat wij elkaar in het celkweeklab hebben leren kennen en sindsdien samen
zijn! XP
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CURRICULUM VITAE

Paulus Hendricus Simon Kwakman werd geboren op 9 juni 1977 in Volendam. Hij behaald
in 1995 zijn VWO diploma aan het Don Bosco College te Volendam. Vervolgens ging hij
Scheikunde studeren aan de Universiteit van Amsterdam. Tijdens deze studie liep hij een eerste
stage onder begeleiding van dr. M.J. Teixeira de Mattos getiteld ‘Physiological characterization
of a Saccharomyces cerevisiae Hap4p overproducer’ aan de afdeling Microbiologie van de
faculteit Scheikunde aan de Universiteit van Amsterdam. Een tweede stage liep hij onder
begeleiding van dr. S.A.J. Zaat, getiteld ‘A flow cytometric assay for analysis of intracellular
survival of Staphylococcus epidermidis in human macrophages in vitro’ aan de afdeling Medische
Microbiologie in het Academisch Medisch Centrum,Amsterdam.In november 2000 behaalde
hij het doctoraalexamen Scheikunde met specialisatie Microbiologie. Na een periode van
ongeveer 2 jaar werkzaam te zijn geweest bij ChromaGenics, een spin-off bedrijf van de
Universiteit van Amsterdam, vervolgde hij zijn wetenschappelijke carriere in april 2003
als assistent-in-opleiding bij de afdelingen Medische Microbiologie en Laboratorium voor
Experimentele Inwendige Geneeskunde (tegenwoordig Center for Experimental and
Molecular Medicine) in het Academisch Medisch Centrum. Dit onderzoek werd uitgevoerd
onder supervisie van prof. dr. C.M.J.E.Vandenbroucke-Grauls en onder begeleiding van dr.
S.AJ. Zaat en dr. AA. te Velde. De resultaten van het onderzoek staan beschreven in dit
proefschrift.Tijdens zijn promotieonderzoek heeft hij als mede-aanvrager een ZonMVW VEMI
subsidie verkregen voor een klinische trial naar de effectiviteit van medical-grade honing ter
preventie van microbiéle kolonisatie van de huid bij katheter insteekopeningen van Intensive
Care patiénten. Sinds januari 2009 is hij als post-doc werkzaam op dit project, wat wordt
uitgevoerd door de afdelingen Medische Microbiologie en Intensive Care Medicine van het

Academisch Medisch Centrum.
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LIST OF ABBREVIATIONS

AMP
ATCC
AU-PAGE
BAI
BP2
CCL
CFU
CRPA
CTAP-IIl
CXCL
DTT
EGF
EPEC
ESBL
HSQC
IPTG
LC99.9
MBC
MFC
MGO
MRSA
MSSA
NAP-2
NOE
NMR
NS
PBP
PDB
RDA

RS honey

antimicrobial peptide

American Type Culture Collection
acid-urea polyacrylamide electrophoresis
biomaterial-associated infection
Bactericidal Peptide 2

CC chemokine ligand

colony-forming unit
ciprofloxacin-resistant Pseudomonas aeruginosa
connective tissue-activating peptide llI
CXC chemokine ligand

dithiothreitol

epidermal growth factor
enteropathogenic Escherichia coli
extended-spectrum beta-lactamase
heteronuclear single quantum coherence
Isopropyl-B-D-thio-galactoside

lethal concentration killing 99.9% of a microbial inoculum
minimum bactericidal concentration
Minimum fungicidal concentration
methylglyoxal

methicillin-resistant Staphylococcus aureus
methicillin-susceptible Staphylococcus aureus
neutrophil-activating peptide 2

nuclear Overhauser effect

nuclear magnetic resonance

not significant

platelet basic protein

protein databank

radial diffusion assay

longitudinal spin-relaxation rate
transverse spin-relaxation rate

chemical exchange rate

Revamil® source honey
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SZ
SEpvp
SLG
TC
TSB
viv
VREF

wiv
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generalized order parameter

silicon elastomer polyvinylpyrolydone
S-D-lactoyl-glutathione

thrombocidin

trypicase soy broth

volume per volume

vancomycin-resistant Enterococcus faecium

weight per volume






