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The importance of small molecular weight antimiéablpeptides as novel therapeutic agents stems thain ability to act against
bacteria, viruses, and fungi. As part of the innatmune system, they are also capable of killingceaous cells. Herein, we study the
interaction between a synthetic cecropin B pepdiag a targePseudomonas aer uginosa membrane (PA) using steady-state and time-
resolved fluorescence measurements in order tadeligcthe mechanism of membrane rupture. The irapoet of synthetic cecropin B
as a therapeutic peptide stems from its effectrsgal wide range of bacteria which is indistingalsle from that of naturally occuring
cecropins. Fluorescence of cecropin B results fileensole tryptophan residue in the peptide. In otdeinderstand the mechansim of
peptide-membrane binding, we modified the origmgptide (cecropin BKWKVFKKIEKMGRNIRNGI V) by attaching a terminal
tryptophan residue (cecropin BRWKVFKKIEKMGRNIRNGIVW). Both peptides show a large inhibition effectiagaa wide
range of bacteria, compared to naturally occurpegtides. The fluorescence results show an enhamteim the peak intensity of
cecropin B1 upon mixing with the membrane, accorigghhy a blue shift. For cecropin B2, a blue shifis observed upon mixing with
the PA membrane, but no enhancement in intensisyokaerved. The results indicate perpendiculartpeien of cecropins B1 and B2
from the Lys side where the Trp residue of cecrd&fins immersed in the PA membrane. Partial quemgchf the Trp fluorescence by
acrylamide was observed and the values of the Sfelmer constantsKs,) indicate that the Trp molecule penetrates intontiembrane,
but resides close to the interface region. Tworlgoence lifetimes were measured for the cecrofpi®B complex which are for two
rotamers of Trp. The results point to a degreéexdliility of the local environment around the Trlecule. A mechanism of membrane
disruption is proposed in which the cecropin peptiteates cracks through the negatively chargest ouembrane of PA.

1 Introduction In the present study, we investigate a model ofigep
membrane interaction using synthetic cecropin B-fikptides
against the outer membraneRseudomonas aer uginosa. The

study is based on steady-state and time-resolvedeficence
measurements, utilizing the fluorescence changiefsole

Antimicrobial peptides (AMPs) are oligopeptides sigting
of amino acid residues and can be found in botkagymtes
and eukaryote’? To date, more than 5,000 AMPs have been

discovered and characterized.Cecropins ~are IVtic yyniophan residue in cecropin B. The peptide Has®ino
antimicrobial  peptides  originally isolated from the j.iyq with the following sequence:

haemolymph of thélylophora cecropia* Cecropins were first \wkK VEKKIEKMGRNIRNGIV. In order to better
isolated in 1980 and usually are of 35 to 37 residengtif. |\jerstand the mechanism of interaction, we matitiee
Cecropin B was found to be not only effective agamrange peptide and attached a second tryptophan residtieete-
of gram positive and gram negative bacteria but a}&ptoxig terminal  residue KWK VFKKIEKMGRNIRNGIVW).

to a range of mammalian cancer and non-cancefiGe? — accordingly, we named the former cecropin B1 arellgiter
Attempts to generate recombinant and chemicalljtegized cecropin B2. Table 1 includes the physical and dbam
cecropin B were successful and the results indith& o aracteristics of the peptides, compared with ribeural
naturally ~ produced —and synthetic  cecropins arepeniige (cecropin B). From the fluorescence resistag the

indistinguishable in terms of their antibacteriadtivity.” two model peptides, there is clear evidence of eraizular
Cecropin B and its analogs showed to penetratebalktell penetration of the active peptide (cecropin Bl)oithe
membranes and this permeabilization depends dipttedme - ~tarial membrane.

composition in the targeted cefisThe structure of cecropin One specific target membrane was isolated from

A has been studied previously by NMR spectroscopy a  pgy domonas aeruginosa to represent gram negative group of
shown to consist of an amphiapathiehelical N-terminus |, iaria that was thinner than the gram positivesoto
(which plays the main role in the antibacterialiat of j, etigate the action of cecropins B1 and B2. Biraling
cecropins), a glycine-proline bend and a hydrophdBi 56| of the cecropin B1 peptide to the outer meméof the
terminal o-helix® Unlike other amphiapathica-helical Pseudomonas aeruginosa membrane can be applied with
peptides such as magaffimnd dermaseptitt, cecropins do |41ty to many other bacterial membrane disrupioather
not lyse erythrocytes. The mode of action of cefTdp  han just relying on the DNA fluorescence variation the
membrane permeabilization via peptide-lipid inté@et o meabilization assay used previoudlfhe mechanism of
rather than receptor-mediated recognifion. action of the cecropins is proposed and illustratetiis paper
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based on the inhibitory results from this study past models
mentioned in the literature.

2 Experimental and theoretical methods
2.1 Peptides synthesis

The cecropins B1 and B2 were synthesized at Minestdty
Ltd, Australia using the 20 and 21 amino acid seqas
namely KWKVFKKIEKMGRNIRNGIV (20 residues with a
molecular weight of 2444.6 Da) and
KWKVFKKIEKMGRNIRNGIVW (21 residues, with a
molecular weight of 2630.6 Da), respectively. Theity of
both peptides was checked by HPLC and was fourbto
98%.

2.2 Peptides. Minimal inhibitory concentration (MIC)
and bactericidal inhibitory concentration (MBC)

Minimal inhibitory concentration for Ampicillin, Recillin G
and Tetracyclin was performed according to Clinieaid
Laboratory Standards Institute (CLSI) using the thro
microdilution method. MIC test of cationic antimidial
peptides (synthetic cecropins B1 & B2 and nisin)swa
performed following the R.E.W. Hancock Laboratorgtpcol
(Minimal Inhibitory Concentration Determination f@ationic
Antimicrobial Peptides by Modified Microtitre Brotilution
Method) with some modifications. Briefly, indicatstrains
namely clinical isolatesPseudomonas aeruginosa PA7,
Escherichia coli UT181, Saphylococcus aureus RF122,
Corynebacterium spp GH17 andBacillus cereus ATCC14579
were subcultured on MHA and incubated for 18 h #C3
Cultures were diluted with MHB to give 7 x %@olony
forming units/ml. 100 pl of each bacterial suspenswas
transferred to 10 polypropylene Eppendorf tubesaraltube
was filled with MHB as a blank without bacteria. rigé
dilutions of test cationic peptides were prepateiDaimes the
required test concentrations in 0.01% acetic &% BSA
in polypropylene Eppendorf tubes and 11 pl of 1@stt
peptide was added to the first nine bacterial tubeationed
above. The tenth tube with bacterial growth wasduae
control. The tubes were incubated for 18 h at 3MEC was
taken as the lowest concentration of the peptideé rdéduces
growth by more than 50%.

2.3 Isolation of outer membrane of Pseudomonas
aeruginosa

Cells from a 250 ml culture ¢fseudomonas aeruginosa were
resuspended in 7 ml of 10 mM HEPES buffer (pH 2ad4dl
lysed by sonication for 20 s and then left at 46CZ0 s. The
step was repeated 4 times. The suspension was th
centrifuged at 10,000 rpm for 20 minutes at 4°@tove the
cell debris. The membranes in the supernatant eahected
by ultracentrifugation at 100,000 g for 1 h at 4&&ckman
Coulter, SW 41 Ti Ultracentrifuge Rotor Swinging dket).
The pellets were resuspended in 2 ml of 10 mM HERESH
7.4 and washed twice in 10 ml of 10 mM HEPES at7p#
After final ultracentrifugation, the pellets wersuspended in

2 ml of 10 mM HEPES at pH 7.4 to concentrate the

membranes.

2.4 Instrumentation for fluorescence measurements

Fluorescence spectra were recorded on a ShimadA8&F
PC spectrofluorophotometer. Lifetime measuremenégsew
performed using a TimeMaster fluorescence

spectrometer obtained from Photon Technology latigwnal.
Excitation was done at 295 nm using a light-emittdiode
and emission was detected using a Schott WG-326utiuoff
filter. The instrument response function (IRF) wasasured
from the scattered light and estimated to be apprately 1.5
ns (full width at half-maximum). The measured tiants
were fitted to multiexponential functions convolditeith the
system response function. The fit was judged bytiee of
the reduced chi-squaredx?). The experimental time
resolution (after deconvolution) was approximat&B0 ps,
using stroboscopic detectiéhln all the experiments, samples
were measured in a 1 cm path-length quartz c@Bat 1 °C.
The concentration of all specieBséudomonas aeruginosa
membrane, cecropins B1 and B2) was 0.05 mM in ajpitete
buffer (10 mM) of pH 7.4. The reported values &eaverage
of three measurements.

3 Reaults

Both synthetic cecropins B1 and B2 showed no it
activity toward B. cereus in this test. On the other hand,
significant activity was achieved wh&orynebacterium spp
was used as an indicator strain with MIC valued@B and
26.5 for both cecropins B1 and B2, respectivelywkeleer,
there were some differences in the MIC values ofagns B1
and B2 whenS. aureus was used. The full MIC values of
synthetic cecropins B1 and B2 and other antimiaiohgents
are listed in Table 2.

3.1 Minimal Inhibitory and Bacteriocidal Concentration
(MIC & MBC)

Synthetic cecropins B1 and B2 showed strong indifit
activity toward all gram negative and gram positbaeterial
strains used in this study. It was observed thatopen B2
showed stronger activity towards aureus (MIC = 1.656
pg/ml) than B1 (MIC = 3 pg/ml). Both cecropins BddaB2
showed approximately similar MIC values againBt
aeruginosa (MIC = 0.75 pg/ml and 0.828 pg/ml respectively.
Full MIC values of synthetic cecropins B1 and B2l anther
antimicrobial agents are listed in Table 2.

However, cecropin B2 showed a strong activity agfain
E.coli with MIC value of just 0.207 pg that reflects tioger of
the tryptophan residue in increasing the effectgsnof the
peptide Corynebacteriumspp is known for its high sensitivity
to antimicrobial peptides as shown by the resulthis study
for both cecropins B1 and BZX. aureus showed more
sensitivity to cecropin B2 than cecropin BA. cereus was
inhibited at the same MIC values with both cecre@i and
B2. Nisin is known to be effective on gram positive
er‘ﬁicroorganisms as shown in this study. Howevedidt not
inhibit gram negative bacteri aeruginosa andE. coli in this
study, reflecting the difference in mechanism dfarcof the
cationic antimicrobial peptides. A previous compaeastudy
between the Hancock method used in this study drfsl C
standard method showed that the former exhibite@idIC
values for cationic peptides cecropin P1 and rissimilar
comparative study in our laboratory proved thid {aata not
shown).

3.2 Fluorescence quenching

Interaction of the cecropins B1 and B2 peptideshwite
Pseudomonas aeruginosa (PA) membrane was investigated by

lifetime following the fluorescence change of tryptophaarergy and
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time domains. One factor affecting the
fluorescence is the polarity of its surrounding iemvment.
We have shown recently that the sensitivity offtherescence
peak position of tryptophan is clearly dependenthersolvent

tryptophan shown above (Tables 2 and 3) in which both cecr&dirand

cecropin B2 show approximately similar effect wiRA. We
confirmed the mode of binding by carrying out a rqekéng
experiment using the water-soluble fluorescencencjuer

polarity’® In a solvent such as 1,4-dioxane (an apolaracrylamide. Acrylamide is known to quench the fesmence
solvent)!’ fluorescence is peaked at 334 nm, whereas this peaof tryptophan (and indole) without penetrating intioe

is red-shifted as the solvent polarity increasé® maximum
red shift was observed in aqueous solution (pe&@bdatnm).
The detected unstructured fluorescence in all theests is
due to thellL, state of tryptophan. This state is solvent-
sensitive because thk, transition more directly involves the
polar nitrogen atom of the indole ring in the tiyptan
molecule!’

Figure 1 shows the steady-state fluorescence spettr
cecropin B1 with and without the PA membrane. Tipectra
show a blue shift (peak at 350 nm) and an incréagbe
fluorescence intensity when the peptide cecropinsBddded
to the membrane (compared with the peptide in buffehis
is a typical pattern when tryptophan is transferfeam
aqueous solution with free motion (peak at 355 targ more
hydrophobic environment with decreased flexibilitfhe
results indicate some interaction between the tsgfgophan
residue in the peptide with the membrane. In otdetlarify
the mode of binding between the cecropin B1 peptitt:the
membrane, we tested the modified peptide cecroiwBich
carries an additional terminal tryptophan as shawrnits
sequence above. The fluorescence spectra for th@egtide
show a slight blue shift when mixed with the menmigrabut
no increase in intensity, compared to the peptidédffer
(Figure 1). It has been reported that peptides wmitkiti-
tryptophan residues produce fluorescence specan dre
difficult to interpret!® Nevertheless, comparing the spectral
change when both peptides are mixed with the memebra
shows that the mode of binding between the peptidethe
membrane is vertical (penetration) and not pardfihe latter
is the case, an increase in the fluorescence peeksity

membranes or the lipid bilayé?€® As shown in Figure 2,
quenching of tryptophan fluorescence is less effecivhen

the peptide is mixed with the membrane (comparettee

peptide in buffer). However, quenching is stilletged for the
peptide/membrane mixture, indicating that the tpbian

molecule is not fully sequestered in the hydropbaobierior

of the membrane. We can then conclude that thedpyan

residue penetrates into the membrane, but residss o the
interface region.

The Stern-Volmer constant&y) were calculated from the
relationshipFo/F = 1 +Kg[Q], whereF, is the fluorescence
intensity of the peptide in the absence of acrytle@Q), F is
the fluorescence intensity of the peptide in thespnce of
increasing concentrations of acrylamide, and [Q]the
acrylamide concentration. From the slopes of thaplgs in
Figure 2,Ks, was estimated to be 173580 M? for cecropin
B1 free in buffer, and 588 50 M? for cecropin B1 bound to
the membrane. The values reflect the reduced quemneffect
on the tryptophan fluorescence when the cecropip&tide
is bound to the PA membrane. It should be noted tiet if
there is any free peptide in solution, te value will be
altered. To avoid this, an excess membrane coratemtr
should be used compared to that of the peptide. enery
excess membrane concentration may enhance aggregati
the results may not be reliable. Also, high coneiun of the
peptide may lead to self-association which was nteplofor
other peptides to take place at concentrattodd mM (using
circular dichroism measurement8)o avoid aggregation, we
performed all the fluorescence experiments at low
concentrations of both the membrane and the pefids

should be observed for cecropin B2-PA because bothmm: 1:1 molar ratio).

tryptophan molecules are expected to be in direatact with
the membrane.

200+
%‘ —— Cecropin B1
S —— Cecropin B1 + PA
E 150/ —— Cecropin B2
_g —— Cecropin B2 + PA
g
g
= 100
3]
o
c
Q
[8]
[}
o 50
o
=
[
0 ; ; ; ‘ '
305 340 375 410 445 480

Wavelength (nm)
Fig. 1 Fluorescence spectra of the synthetic peptidespies B1
and B2 in the absence and present of the PA meml¢tah molar
ratio). The solvent was0 mM HEPES buffer of pH 7 Xex =
295 nm. The concentration of all species was 0.6 m

The results indicate that the cecropin B1 peptieteefrates
the membrane from the Lys side. In this case, ¢éhminhal
tryptophan in cecropin B2 will not be in direct ¢act with the
membrane. This is in agreement with the inhibitresults

1.31 e  Cecropin B1

e Cecropin B1 + PA

FoF

0 3 6 9 12 15
[Acrylamide] x 16 (M)
Fig. 2 Stern-Volmar plots for the fluorescence quenchaig
tryptophan in cecropin B1 by acrylamide in the aoseand

presence of the PA membrane. The concentrationfofaiRd
cecropin B1 was 0.05 mM (1:1 molar ratidx = 295 nm.

Time-resolved fluorescence decay transients are/sho
Figure 3 for cecropin B1 in the absence and presefiche
PA membrane. As shown in the figure, the overall
fluorescence decay is slightly slower in the preseaf the
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membrane, indicating less exposure of the tryptopbkaidue
to buffer.

The lifetime data from our measurements are sunzeari
in Table 4. Most of the reported data for tryptopligcay in
agueous solution indicate two lifetimes of ~ 3.1 an 0.5

3, respectively. Adding a second Trp to the oppaositd of the
lipid did not show any induced enhancement in @atlvities.
This is in line with our fluorescence results whikticate that

the Trp residue in cecropin Bl is interacting witte P.
aeruginosa membrane, whereas the second Trp residue in

nsl”2122 As shown in Table 4, two lifetimes were measured cecropin B2 is not in direct contact with the mean®. The
when cecropin Bl is mixed with the PA membrane. Theobserved similar blue shift in the fluorescencekpetboth

biexponential nature of the fluorescence decaybbskees

strong support for the heterogeneity in the grostate of
tryptophan. This heterogeneity indicates that themirane
has a degree of flexibility that allows the tryptep side chain
to exist in two different rotamers. The effect loé tmembrane
is observed in an increase of about 20% in the ldaime

component (compared to the same component in thenab
of PA). The relative contribution from the shoringmonent is
also slightly increased in the presence of PA. oherall

average lifetime for cecropin BlTa(erage in Table 4) is
increased in the presence of the PA membrane hyt /586,

compared to the average lifetime in buffer. Thiseslation is
in line with the mechanism of binding mentioned &badn

which the cecropin B1 peptide penetrates the menebnget
stays close to the interface. The slight increasethe

tryptophan average lifetime is a consequence ofal slegree
of isolation inside the membrane.

1000+ —— Cecropin B1

Cecropin B1 + PA

100 |

Fluorescence (normalized signal)

12

Time (ns)
Fig. 3 Fluorescence decay transients of cecropin Bleimbsence
and presence of the PA membrahg.= 295 nm. Fluorescence
was detected using a Schott WG-320 nm cut-offrfiltRF is
shown by a dashed line. The best fits are showslaok solid
lines.

4 Discussion

Boosting microbicidal potency was achieved throwgtd-
tagging of antimicrobial peptides with hydrophobic
oligopeptideg?® A larger effect was reported for Trp and Phe
stretches than for aliphatic ones. The enhancenwnt
microbicidal effects was correlated to a higher rdegof
bacterial wall-rupture. Linking more than one Tegidues (up
to five units) to the C-terminal end of some peggihows
substantial peptide adsorption, membrane lysis,bauterial
killing.?* 1t was observed that increasing the peptide glici
correlates with increasing antimicrobial poteft¥he effect
of Trp substitutions was demonstrated to increas@éptide’s
helicity and amphiphilicity, thus resulting in highpeptide
adsorption, increased peptide-induced liposomealgalkand
antimicrobial potency?*2¢

The current results indicate that cecropin B1 shawstght
enhancement in MIC and MBC, as indicated in TaBlesd

cecropin peptides points to a vertical penetrafiiom the Lys
side in which the terminal Trp in cecropin B2 ipegted to
stay far from the membrane.

It was shown in a previous study that eliminatidrthe
peptide positive net charge drastically reducedevemidal
effect on P. aeruginos&’ However, short analogues of
cecropin B presented in this study with slightlgweed net
charge (Table 1) retained the bactericidal actisigpinst the
proposed pathogen namélyaeruginosa.

The most possible mechanism of membrane disrujgion
thus shown in Fig. 4 whereby unfolded cationic opors tend
to create cracks through the negatively chargederout
membrane oP. aeruginosa by neutralizing the charge over a
patch of the outer membrane. The cecropins canttjir@tach
to the cation binding sites on the lipopolysacatesi and
depolarize the membrane. After transiting throuigé outer
membrane, cecropins bind to the negatively charged
phospholipids where this cationic peptides fold tteir
amphipathic structure. After insertion into the nibeane
interface, the cationic cecropins will either aggre into a
micelle-like complex and span across the membrarfépe
flop across the membrane driven by the transmenebran
electrical potential gradient (approximately — 149).28 This
causes a huge leakage of the ions and other waltests
molecules, thereby compromising the cell integrity.

unfolded peptidea,;'

Lipopolysaccharides

Outer

Membrane

Jeecceoececee

Cytoplasmic 1O |()

Membrane \‘15131“1 &“}g)"w 7818 )
OOOTBE YOO P DOOOOOOOO0
Translocati intotl;’e y
Fig. 4 Proposed mechanism of interaction of cecropin-like
peptides with the cell envelope Bf aer uginosa.

5 Conclusions

In this work, the interaction of synthetic cecrofnwith P.
aeruginosa was studied using fluorescence measurements to
detect the change in the fluorescence signal dhthiesic Trp
residue in the peptide chain. The original synthetptide
(cecropin B1) was modified by attaching a secorrésidue

to the Val terminal (cecropin B2) in order to ehlmie the
mode of attack onto tHe aeruginosa membrane. The activity

of both peptides was detected against a wide rafigacteria,
compared to natural peptides. A fluorescence erdmant
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and a blue shift was observed when cecropin B1miasd

with P. aeruginosa, compared to the fluorescence peak of

cecropin Bl in buffer. Only a blue shift was obsstwhen
cecropin B2 was used. The results indicate perpeatai
penetration of the peptides into the membrane ftioenLys
side. We observed a partial quenching of the Tupréiscence
of cecropin B1 when acrylamide was added. The duagds
much less when the peptide is mixed wiRh aeruginosa,
confirming the perpendicular mode of penetratiorheT
estimated values of the Stern-Volmer constakity (ndicate
that the Trp molecule of cecropin resides cloghédnterface
region. A degree of flexibility inside the membramas
observed in the form of two fluorescence decay aumepts
for the Trp residue in which the molecule can ad@
different rotamers.
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Table 1 Comparison between the cecropin B-like peptides urs¢his study with the natural cecropin B peptide

Total Net Molecular
Peptide Amino acid sequence hydrophobic . Reference
- charge weight
ratio
Cecropin B KWKVFKKIEKMGRNIRNGIVKAGPAIAVLGEAKAL 48 % +7 3835.0 Ref. 7
Current
Cecropin B1 KWKVFKKIEKMGRNIRNGIV 40% +6 2444.6 study
. Current
Cecropin B2 KWKVFKKIEKMGRNIRNGIVW 42% +6 2630.6 study
Table 2 MIC values of different antimicrobial peptides
MIC values (pg/ml)
Antimicrobial
P. aeruginosa E. coli S. aureus Corynebacterium spp B. cereus
Synthetic cecropin B1 0.75 pg 0.75 pg 3ug 0.09375 pg 1.5ug
Synthetic cecropin B2 0.828 g 0.207 pg 1.656 g 0.103 pg 1.656 ug
Ampicillin 1000 pg <15.62 ug <15.62 ug <15.62 ug 2000 pg
Penicillin G 250 pg 3.90 ug <09 g <09 pg 125 pg
Nisin A NI* NI* 0.734 ug <0.367 ug 2.937 ug
Tetracyclin <1.56 pg <1.56 ug <1.56 pg <1.56 pg <1.56 pg
*No Inhibition.
Table 3 Minimal bactericidal concentration of syntheticoepins B1 and B2
MBC values
Antimicrobial
P. aeruginosa E. coli S. aureus Corynebacterium spp B. cereus
Synthetic cecropin B1 1.5ug 1.5ug 6 ug 0.09375 pg 6 ug
Synthetic cecropin B2 1.656 pg 0.414 pg 3.321 pg 0.09375 pg 3.312 pg
Table4 Fluorescence spectral position and lifetime Hata
)\n;::((nm) le ay ° a: Taverage Xz
Synthetic cecropin B1 355 0.37 0.06 2.60 0.94 2.471.01
Synthetic cecropin B1 + PA 350 0.38 0.11 3.14 0.89 2.84 1.07

2 \ex = 295 nm. Fluorescence was detected using a Sal®t820 nm filter” Uncertainty in measurements is + 0.05°ns.
Uncertainty in measurements is + 0.10 ns. Relatorgributions are shown by tlsevalues.
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