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Abstract

A series of new, low molecular mass, lysine-based peptide dendrimers with varying distribution of cationic and aromatic groups in the structure
were synthesized. They expressed antimicrobial activity against Gram-postipéy(ococcus aureus) and Gram-negativeEischerichia coli)
bacteria as well as against fungal pathogefs:fida albicans). Their cytotoxic, haematotoxic, and genotoxic effects were studied. It appears
that degree of branching and steric distribution and types of hydrophobic (aromatic) groups and cationic centres are important components ¢
dendrimeric structure and influence both antimicrobial potency and toxicity. Such 3D structure of our dendrimers mimics that of the natural
antimicrobial peptides and can be achieved by application of dendrimer chemistry.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction 2000. Their efficiency of transfection suggests that they can be
the next suitable systems for gene delivery invivo. Itis important
Dendrimers are a relatively novel class of branched polythat when polypeptides are complexed with DNA their cytotoxi-
mers. They consist of a central core and several generations oty is low (Shah et al., 2000The ability to bind DNA increases
branches what results in a large number of reactive end groupsith molecular mass of polyflysine) dendrimersNiannisb et
at the surfaceTomalia et al., 1990 Among them peptide den- al., 2003 (i.e. number of positively charged amino groups per
drimers attracted serious attention due their potential biomedicalne polymer molecule). However, low molecular mass peptides
applications, such as protein mimics or drug delivery vehicledave the advantage of being less immunogenic than high molec-
(Cloninger, 2002; Kim and Zimmerman, 1998hey vary from  ular mass dendrimers. Polylysine) dendrimers have been also
low molecular mass species to a large, protein-like structuresound to block herpes simplex virus attachment to a cell mem-
Purely peptidic dendrimers are often synthesised without a corerane Bourne et al., 2000
using lysine, as the most common amino acid branching unit Last 15 years brought discovery of an important group of
in dendrimer chemistryKim et al., 1999; Sadler and Tam, natural compounds named antimicrobial peptides. A num-
2002. Poly(-lysine) dendrimers were applied as gene transber of 10-50 amino acid residues long, very often cationic
fection reagents@hsaki et al., 2002; Toth et al., 1999 hese  peptides, have been identified from both vertebrate and inver-
dendrimers form stable supramolecular complexes with DNAebrate sources. They act in a variety of ways against many
via electrostatic interactions between anionic nucleic acids anGram-negative and Gram-positive organisms. The majority of
a large number of cationic surface amino groupbdi et al., experiments investigating their mode of action have focused
primarily on the interaction of cationic peptides with model
T Comesoonding author at: Department of | Bionhvsics. Universit membrane systems. According to these studies, the accepted
Lodz, 12/1% Banagcha St., 96-23;)?_:);“;”P;an§.n$;?: +f8p4)2/3é<3355, 4:I;IE;S| ’ OfmeChamsm involves permeation and dlsrUptlo.n of t.he target
fax: +48 42 635 44 74. cellmembranes. In the global problem of bacterial resistance to
E-mail address: marbrys@biol.uni.lodz.pl (M. Bryszewska). the commonly used antibiotics these properties make cationic
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peptides valuable candidates as future therapeutic agents ltmpex. All other chemicals were of analytical grade. Water used
combat bacterial, viral, and fungal infections. to prepare solutions was double-distilled.

The opportunity that has been recognized immediately, as a
consequence of discoveries of these two groups of compound&2. Dendrimer synthesis
was the use of lysine-based dendrimers as carriers for functional
groups taken from antimicrobial peptideShen and Cooper, All tested dendrimers were synthesised in solution step-by-
2002. For example, lysine dendrimers have been used astep procedure using commercial Boc-Z-or 2-Cl-Z-protected
synthetic scaffolds for attachment of two to eight copies of aamino acids Bodanszky and Bodanszky, 1984or coupling
tetrapeptide R4 (RLYR) or an octapeptide R8 (RLYRKVYG). reactionsN,N'-dicyclohexylcarbodiimide (DCC) in presence of
Both R4 and R8 have been found in protegrins and tachyhydroxybenzotriazol (HOBt)and di-phenylethylamine (DIPEA)
plesins — natural peptides with antimicrobial activiffatn  was used. Hydrochloric acid in acetic acid has been used for
et al., 2002. High potency in antimicrobial assays against 10Boc-group deprotection. In the last step of synthesis peptides
organisms in high- and low-salt conditions was found in thiswere converted into an amide form by treating methyl asters
group of compounds. Another structural approach in this areBy ammonia overnight. Crude peptide dendrimers have been
was construction of low molecular mass lysine-based peptidpurified using gel filtration on Sephadex LH-20 in methanol,
dendrimers, designed as branched analogues of the naturfd)lowed by preparative HPLC in water/ethyl acetate system.
cationic antimicrobial peptidesJéniszewska et al., 2003 All dendrimers were confirmed to have corrected amino acid
They represent a new class of membrane-active dendrimeranalysis molecular weights and purity by ESI-MS technique
where dendrimer tree is used not only for multiplication of analysing both molecular peak and fragmentation ions. A list of
active elements but also for spatial distribution of cationic andESI-MS spectra with peak assignments for all six compounds
aromatic (hydrophobic) groups, that is essential for interachas been submitted &ppendix BSupplementary materials.
tions with bacterial membranes. These dendrimeric peptides
expressed antimicrobial activity agaisstphylococcus aureus  2.3. Cell culture
and Escherichia coli. Although they are structurally different
that any other of the above types of compounds, it appears Chinese hamster cells (B14 cell line) were obtained from
that both, linear endogenous antimicrobial peptides and theiChild Health Centre in Warsaw. Monolayer cultures were grown
synthetic, branched cationic analogs have ability to disrupin Eagle’s minimal essential medium supplemented with 10%
bacterial membranes. This structural dissimilarity raises severdg¢tal calf serum, essential and non-essential amino acids, with
guestions about mechanism of their interactions with target00 U/ml streptomycin and 2 mmolil-glutamine. The cells
membranes and other elements constituting living cells. It isvere maintained at 3T in an atmosphere of 5% G@nd 95%
particularly interesting if they combine antimicrobial propertiesair with more than 95% humidity.
of linear peptides and affinity to the molecules of the genetic
system (DNA) as other lysine dendrimers. 2.4. Cytotoxicity assay

In this study, a synthesis and antimicrobial activity of six
new lysine-based peptide dendrimers R 121, R 131, R 132, Evaluation of cytotoxicity of dendrimers was assessed
R 124, R 155, and R 169 is reporte#fid. 1). Haemato- with a MTT assay Klansen et al., 1989 MTT (3-[4,5-
toxicity, in vitro cytotoxicity and genotoxicity of these com- dimethylthiazole-2-yl]-2,5 diphenyltetrazolium bromide) is a
pounds were examined and will be discussed in correlatiosalt that is oxidized by mitochondrial dehydrogenase in living
with their molecular structure, i.e. degree of branching, typesells and gives a dark purple formazan product. Damaged or dead
of amino acids used for their synthesis and character of terminaells show reduced or no dehydrogenase activitpgmann,

residues. 1983.
Cells were seeded into 96-well microplates at a density of
2. Materials and methods 3000 cells per well in a growth medium. 24 h after plating,
the medium was removed and different concentrations of den-
2.1. Chemicals drimers in fresh media were added. Cells were incubated for

1 h with dendrimers. Then the medium was discarded and the

Eagle’s minimal essential medium (MEM).-glutamine, cells were washed twice with phosphate-buffered saline (PBS:
trypsin, newborn calf serum and streptomycin were pur-150 mM NaCl; 1.9 mM NakPQOy; 8.1 mM NaHPQOy; pH 7.4).
chased from Gibco (UK). 3-[4,5-Dimethylthiazole-2-yl]-2,5- Next, 50pnmol/l of 5 mg/ml MTT solution in PBS was added to
diphenyltetrazolium bromide (MTT), sodium salt of deoxyri- each well. Plates were incubated under cell culture conditions for
bonucleic acid from calfthymus (DNA), ethidium bromide (EB), 4 h. Formazan crystals, formed by living cells, were dissolved
benzylamine, and dimethyl sulfoxide (DMSO) were obtainedby the addition of 10Q.I dimethyl sulfoxide (DMSO) to each
from Sigma (USA). Nutrient broth was purchased in Biotestwell. The absorption of samples was measured at 570 nm with
AG (Germany)a- And e-2-chloro-benzyloxycarbonyl-lysine  a background correction at 630 nm using a microplate reader
(2-CL-Z-Lys), a- and e-2-benzyloxycarbonyl-lysine (Z-Lys  ELISA. The measurement was performed in triplicate.
and Lys-Z) andr-butyloxycarbonyl-protected (Boc-protected)  Results were demonstrated as a percent of absorbance relative
amino acids were purchased from Nova Biochem and Chenteo untreated control cells. The results of the cytotoxicity assay
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were used for the calculation of cell viability after incubation 2.7. Antimicrobial activity measurements
with dendrimers:

x Antimicrobial activity was assayed agair$staureus ATCC
viability [%] = — x 100% 25923, E. coli ATCC 25922, andCandida albicans ATCC

*C 20231. To determine the minimum inhibitory concentration
wherex is the absorbance in a well containing a particular den{MIC), i.e. the concentration at which 100% inhibition of bac-
drimer concentration andc is the absorbance for untreated terial grOWth is ObserVEd, the microdilution broth method was
control cells. used. This is the concentration at which 100% inhibition of bac-

ICso values (concentration at which 50% inhibition of mito- terial growth is observed.

chondrial dehydrogenase activity was measured) were deter- Cells of each bacterial strain were collected in the logarithmic
mined. phase of growth and suspended in nutrient broth. The concentra-

tion of colony-forming units (CFU) per milliliter was quantified
by measuring absorbance at 600nm=(0.2). Dendrimer
2.5. Haemolysis test samples were dissolved in nutrient broth (pH 7.0) and diluted
serially. The sample solution (1() was mixed with the diluted
Blood from healthy donors was obtained from Central Bloodpacterial suspension (1g0). Mixtures containing 105 bacterial
Bank in Lodz. Blood was anticoagulated with 3% sodium cit-CFyU and from 1 to 0.003% of tested dendrimers were incubated
rate. Erythrocytes were separated from blood plasma and leuk@yr 24h at 37C. For microbiological study, indolicidin,
cytes by Centrifugation (500@ g, 5 mln) at 4£C and washed ||e_|_eu_PrO_Trp_LyS_Trp_PrO_Trp_Trp_Pro_Trp_Arg_Arg_
three times with phosphate-buffered saline (PBS). ErythrocytegH, has been used as a reference compotovélska et al.,
were used immediately after isolation. To study the effect 0002 (Table 3.
dendrimers on erythrocyte haemolysis, red blood cells were
suspended in dendrimers solutions at a haematocrit of 1% arhd Results
incubated 0.5 h at room temperature {&). Next, the suspen- ~*
sionwas centrifuged (1000 g, 5 min). To avoid the influence of . , .
. . . 3.1. Antimicrobial activity
mechanical lysis for every series the control samples were made.
For reference, red blood cells were treated with double-distilled : . : .-
. . Tested dendrimers showed an antimicrobial activity towards
water, which corresponds to 100% haemolysis. The percent-

age of haemolysis was determined on the basis of releasc%?ed microorganisms. The obtained results are giv@alite 1

S epending on the type of dendrimer, the minimum inhibitory
haemoglobin in supernatants and measured spectrophotomet- . . S
. i concentration (MIC) varied significantly. Usually, for the same
rically from the absorbance at 540 nm:

type of dendrimer its potency to inhibit different species was
; y—Jyc similar.

haemolysis [%]}= x 100%

Y100% — YC

. ) ) 3.2. Cytotoxicity

wherey is the absorbance of the samples incubated with den-

drimers,yc, the absorbance for control samples, amgho, is The MTT assay was chosen to investigate changes in the cell
the absorbance of the reference. ~ viability on dendrimer addition. The ability of cells to reduce

The effect of dendrimers’ absorbance at 540nm did noj 7T jndicates the mitochondrial activity, which in turn may be
exceed 1% of the total absorbance. interpreted as a proof of cell viability.

The strongest influence on cell viability was observed for
R 169 and R 155 dendrimers. R 121 Dendrimer was the least
cytotoxic. R 131 Dendrimer induced only a moderate decrease

Ethidium bromide (ug/ml) and DNA (3ug/ml) were dis- I Céll viability (Fig. 2).

solved in 0.05 mol/l Tris—HCI buffer with 50 mmol/l NaCl (pH  For all dendrimers the 16 values (concentrations corre-
7.0). sponding to 50% inhibition of cell growth) were calculated from

gemi-logarithmic plotTable 2.

2.6. Ethidium bromide intercalation assay

The fluorescence spectra of ethidium bromide (EB) in th
presence of DNA before and after addition of dendrimers were
taken with a Perkin-Elmer LS-50B spectrofluorometer. Excita-3.3. Haematotoxicity
tion wavelength of 477 nm was used. The emission spectra were
recorded from 490 to 850 nm. The excitation and emission slit Dendrimers impact on human red blood cell haemolytic
widths were set to 10.0 and 5.0 nm, respectively. Samples weffeagility was checked. The results, presented as the percentage of
contained in 1 cm path length quartz cuvettes and were contireleased haemoglobin, are showrig. 3. The strongest effect
uously stirred. was observed for R 155 dendrimer. R 169 and R 132 dendrimers
Before examining the fluorescent properties of thealso expressed the haemolytic activity. The rest of tested den-
DNA-EB-dendrimer aggregate, it was checked that dendrimerdrimers did not cause a loss of membrane integrity, even for high
do not interact with EB. concentrations.
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Table 1
Antimicrobial activity of tested dendrimers
Dendrimer MIC gmoll/l) S. MIC (wmoll/l) E. coli MIC (wmoll/l) C.
aureus ATCC 25923 ATCC 25922 albicans ATCC 20231
Z-Lys(HC)
R121 Z-Lys(HCl)-L}lls-TerHz 662 165 82
Z-Lys(HCl)
R1317. yo(HOD-Lys-AlaNH, 368 368 368
HCILys(2-Cl-Z)
R132HClLys(Z-Cl—Z)—L;/s-AlaNHZ 40 85 40
Z-Lys(HC)
R124z-Lys(Hc1)-0r|n-PheNH2 85 85 85
HCILys(2-Cl-Z)
R155HCILys(2-Cl-Z)-Llys-Pro-NH-CH2C5H4 75 75 75
HClILys(2-Cl-Z)-Pro
R169HClLys(Z-Cl-Z)-Pro-Llys-NH-CHzC6H4 68 244 303
Indolicidin 15 3.0 -

Values are means of three experiments, error has been estimated as less than 20%, except of for compound R 155 that reached 40% iGtesbécagainst

Table 2

ICs0 in MTT assay

Dendrimer 1Go (mmol/l)?
R 121 1.59+0.18

R 131 1.0A40.15

R 132 0.63+-0.10

R 124 0.58t0.14

R 155 0.49+-0.16

R 169 0.28+0.08

a Results are expressed as me&r&D. of three experiments.

3.4. Genotoxicity

Ethidium bromide (EB) is the most widely used fluorescent
probe to study the intercalation. EB is a planar aromatic dye
which immediately intercalates between the base pair of DNA
and emits intensive fluorescence. It has been reported that the
EB fluorescence can be quenched by the addition of a second
molecule which competes with EB for the intercalation process
(Liu et al., 2002. The extent of quenching is used to determine
the ability of the second molecule to intercalate into DNA.

The emission spectra of EB bound to DNA in the absence
and in the presence of R 169 dendrimer are shoviaign4. The
addition of dendrimer to DNA pretreated with EB caused signif-
icant decrease in emission intensity, indicating that dendrimer
competes with EB for binding to DNA. Moreover, the reduc-

The ability of dendrimers to interact with DNA was assessedion of emission intensity was accompanied by the red shift of
by ethidium bromide displacement assay. There are three magimission maximum from 605 to 615nm for the highest con-

models, which describe binding into DNA: electrostatic binding,

groove binding and intercalative bindinG4o and He, 1998
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Fig. 2. Effect of dendrimers on the cell viability.
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Fig. 5. Ethidium bromide exclusion assay.

(Papo and Shai, 2003Many of these peptides are positively
charged due to presence of basic aminoacids — lysine and argi-
nine, in topographical relations with hydrophobic (aromatic)
aminoacids. Although their role is not yet fully understood, they
act by disrupting negatively charged bacterial membranes to
which they are attracted by electrostatic and hydrophobic forces
(Lien and Lowman, 2003 According to the proposed mecha-
nism, after binding to the external surface of a cell membrane,
they can form channels, micelles or planar aggregates (“carpet
mechanism”) Powers and Hancock, 2003t leads to a leakage

of cytoplasmic molecules and cell deattafcock, 199Y.

A small library of branched peptides was designed with vary-
ing spatial arrangement of cationic and aromatic centres. The
tested peptide dendrimers expressed ability to inhibit growth of
both Gram-positivey, aureus) and Gram-negativey coli) bac-
teria, as well as a fungal pathogef @lbicans). We observed
that dendrimers showed similar potency towards both types of
bacteria, exceptfor R 121 dendrimer that was more active against
Gram-negative bacteriunk(coli). Gram-negative bacteria dif-
fer from Gram-positive ones by possessing an outer membrane
in addition to a common cytoplasmic membrane. It makes them
more resistant to most antibiotics. These observations are in a
good agreement with earlier results stating that cationic peptides
often act stronger against Gram-negative bacteria than Gram-
positive ones$awyer et al., 1988

If clinical applications of peptide dendrimers is considered,
the lack of systemic toxicity is as important as a broad-spectrum
of antimicrobial activity. Therefore, cytotoxic, haematotoxic,
and genotoxic effects of the tested dendrimers were studied.
The decrease in a metabolic activity was chosen as an indica-
tor of cell viability. Dendrimers induced variable impacts on cell
viability. Usually, the results were consistent with the antimicro-
bial activity. The higher antimicrobial activity was expressed,
the stronger cytotoxic effect was observed. The most promising
behaviour was observed for R 121 that showed low cytotoxic-

centration. The positions of the fluorescence maximum for EBty even at higher concentrations. The cell viability decreased
before and after addition of DNA were 625 and 605 nm, respecsharply with increasing concentration for R 169, R 155, and R
tively. Thus, the observed red shift indicates that, in the presence32 dendrimers. Nevertheless, most dendrimers caused only a
of dendrimer, the unbound EB had the bigger contribution to thglight (ca. 20%) decrease in cell viability for minimum inhibitory
total fluorescence. To exclude the interactions between EB ancbncentrationsKig. 6).
dendrimers, it was checked that dendrimers, even for the highest Although there are plenty of mechanisms of killing cells,
used concentrations, did not affect the shape of the EB spectrunwo main targets are the most important on the cellular level:
The same studies were performed for other dendrimers. Th& membrane and a nucleus. An erythrocyte is a good model
obtained results showed that the intercalation to DNA was théor studying alterations in membrane conditions. The loss of
strongest for R 155 dendrimer, followed by R 169 and R 132he integrity of red blood cell membrane is accompanied by a
dendrimers. The rest of dendrimers had only a slight ability tdeakage of haemoglobin. The strongest haemolytic effect was
exclude EB from DNA Fig. 5).

4. D

iscussion

observed for R 155 dendrimer. The concentration causing 50%
haemolysis was even lower than MIC. It can make R 155 den-
drimer not suitable for in vivo applications. On the other hand,

three of the tested dendrimers were not haemolytic in a broad

Over the last years commonly used antibiotics have been pra@oncentration range. It inclined us to check dendrimers’ impact
gressively demonstrating a decreased efficacy. This stimulatezh DNA. First, the comet assay was employed to study their
a worldwide search for new types of antimicrobial therapiesgenotoxic effects. Comet assay allows measuring DNA damage
Currently observed increased interest in peptide antibiotics wasy analysing DNA migration upon electrophoresséngh et al.,
stimulated by the discovery of natural antimicrobial peptides1988. The tail moment, calculated by multiplying of the tail
All higher organisms naturally produce a large number of lineatength and the percentage of DNA in the tail, is a good indicator
peptides acting as non-specific support of their defence systena§ DNA damage. We observed a significant increase in the tail
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Fig. 6. Comparison of dendrimers impact on the cell viability estimated by MTT assay and the minimum inhibitory concentrations shown as \@r@cal:lihe
albicans, E.C..E. coli, S.a.:S. aureus.

moment after incubating cells with dendrimers in comparisoris the first step that leads to DNA damage and many antitu-
with the untreated control cells (results not shown). It meansnour drugs act according to this mechanism. They stop cancer
that dendrimers interacted with DNA and caused its fragmentacell proliferation by disrupting DNA%ong et al., 2002 After
tion. However, because dendrimers are large molecules, they caddition of dendrimers release of EB from DNA was observed.
change efficiency and speed of the migration of DNA fragmentdoreover, addition of EB to already formed DNA—dendrimer
upon electrophoresis. Thus, electrophoretic methods were nobmplex gave the same absorbance. It means that dendrimers
suitable for quantitative assay of DNA damage. competed with EB for the same binding sites in DNA molecule
We decided to characterise the interactions between demnd that EB was partially substituted by dendrimers. It is worth
drimers and DNA by using a fluorescent probe — ethidiumnoticing that peptide dendrimers are bigger molecules than
bromide (EB). EB intercalatesto DNA. This association involvesEB, so probably partial intercalation via aromatic rings was
an insertion of planar aromatic rings between DNA base pairsaccompanied by electrostatic interactions and hydrogen bond
Intercalation destroys the regular helical structure of DNA. Thisformation. In fact, the most toxic in all tests were deriva-
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tives with protecteds-amino groups, particularly these with Grant No. 3TO9A 149 19. The work was supported by University
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Results obtained from several independent assays allow f@eferences
concluding that tested dendrimers can be divided into two
groups. The R 169, R 155 and R 132 dendrimers are morBodanszky, M., Bodanszky, A., 1984. The Practice of Peptide Synthesis.
toxic (e-protection), whereas R 131, R 124 and R 121 den- Springer-Verlag, Berlin. ,
drimers show only a slight toxicity¢protection) Table 1shows ~ Boume. N., Stanberry, L.R., Kern, E.R., Holan, G., Matthews, B, Bernstein,

h tic structures of all dendrimers. It is also possible that D.l., 2000. Dendrimers, a new class of candidate topical microbicides
SC. ema o ’ .p - with activity against herpes simplex virus infection. Antimicrob. Agents
quite strong toxicity of R 169 and R 155 dendrimers is due chemother. 44, 2471-2474.
to a presence of-proline residue. Further in vivo studies are Cao, VY., He, X., 1998. Studies of interaction between safranine T and double
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