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ABSTRACT. The Gram-negative bacterial endotoxin lipopolysaccharide (LPS) is a major inducer of sepsis.
The natural cyclic peptide polymyxin B (PMB) is a potent antimicrobial agent, albeit highly toxic, by
virtue of its capacity to neutralize the devastating effects of LPS. However, the exact mode of association
between PMB and LPS is not clear. In this study, we have synthesized polymyxin B nonapeptide, the
LPS-binding cyclic domain of PMB, and its enantiomeric analogue and studied several parameters related
to their interaction with LPS and their capacity to sensitize Gram-negative bacteria toward hydrophobic
antibiotics. The results suggest that whereas the binding of the two enantiomeric peptdeslicand

to E. coli LPS is rather similar, functional association with the bacterial cell is stereospecific. Thus, the
L-enantiomer is capable of synergism with the hydrophobic antimicrobial drugs novobiocin and
erythromycin, whereas the-enantiomer is devoid of such activity. The potential of understanding and
consequently utilizing the PMBLPS association for novel, nontoxic PMB-derived drugs is discussed.

The rapid increase of bacterial resistance toward cur- bacterial membrane and eventually to bacterial cell death.
rently employed antibiotics has led to intensive efforts to-  The bacterial endotoxin lipopolysaccharide (LPiS)the
ward developing new families of antibiotics, among them major antigen of the outer membrane (OM) of Gram-negative
the antimicrobial cationic peptided)( These latter mole-  bacteria, and is essential for bacteria survival through
cules have been found in almost any living organism establishing an effective permeability barrieg).(Viable
including mammals, plants, insects, and bacte?)a They Gram-negative bacteria lacking LPS have not been, as yet,
all share a common amphipathicity feature despite diver- isolated 6). LPS is considered a predominant cause of sepsis
sity in their primary and secondary structurd$. (A com- (7). Recently, it has been shown that LPS released from
mon mode of action of most cationic antimicrobial antibiotic-treated Gram-negative bacteria can lead to septic
peptides involves initial electrostatic interaction of the shock B). Thus, an efficient antibiotic should not only kill
positively charged peptide residues with the negatively
charged components of the bacterial membr&nd)( This 1 Abbreviations: Cbz-OSWN-(benzyloxycarbonyl)succinimide; CD,

interaction leads to a massivedisorganization of the circular dichroism; CFU, colony forming unit; Dab, 2,4-diaminobutyric
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Ficure 1: Structures of polymyxin B and polymyxin B nonapeptide.

the bacteria but also be capable of preventing other deriveda PMBN analogue in which every single amino acid residue

toxic effects. One of the most efficient OM-disorganizing of PMBN was replaced by its enantiomeric counterpart. This

and LPS-binding agents is polymyxin B (PMBI)( peptide, [‘all d']JPMBN (dPMBN), is a mirror image of
PMB is a mixture of naturally occurring cationic cyclic PMBN. We found that whereas the ‘all enantiomer binds

decapeptide derivatives isolated froBacillus polymyxa  LPS, similarly to PMBN, it poorly sensitizes the bacteria to

(10—-12) (Figure 1). PMB is highly bactericidal to Gram- hydrophobic antibiotics.

negative bacteria and considered one of the most efficient

cell-permeabilizing compound®)( Its charge and unique MATERIALS AND METHODS

structural features permit competitive displacement of diva-  p| protected amino acids, coupling reagents, and polymers
lent cations from their negatively charged binding sites on yere obtained from Nova Biochemicals (Laufelfingen,
bacterial surface LPS. Since PMB is a far larger molecule syitzerland) or Bachem (Bubendorf, Switzerland). Synthesis
than a divalent cation, and considering its multicharged grade solvents were obtained from Labscan (Dublin, Ireland).
nature, it disorganizes the bacterial OM, thereby enabling ~ synthesis of FmopfDab(Cbz)-OHFmoc-p)Dab-OH (1.0
its hydrophobic N-terminal tail to penetrate through the g, 2.94 mmol) was suspended in water (20 mL) containing
cytoplasmic membrane. The thus produced OM perturbation NaCO; (0.623 g, 5.88 mmol). A solution dfi-(benzyloxy-
causes a leak of cytoplasmic components, leading to baCteriakarbonyl)succinimide (Cbz-OSu; 1.1 g, 4.40 mmol) in
death. This capacity of PMB stems from its high binding acetonitrile (20 mL) was added, and the homogeneous
affinity to lipid A, the highly conserved hydrophobic domain  mixture was stirred overnight at room temperature (RT). The
of LPS (5, 13). Although PMB inhibits the biological effects  acetonitrile was removed in high vacuum, the remaining
of LPS—notably TNF and IL-1 release from immune cells  aqueous solution was extracted with ethed) and acidified
its t.hgrapeutlcal applications are very limited because of high yith HCl (to pH 2), and the white precipitate was extracted
toxicity (14, 15). with ethyl acetate ¥ 3). The organic solution was washed
Polymyxin B nonapeptide (PMBN) is a cyclic peptide with 1 N HCI (x 2) and then with waterx 2), dried over
obtained from PMB by proteolytic cleavage of its amino- anhydrous Ng5Q,, and concentrated in high vacuum, and
terminal hydrophobic acyl residué) (Figure 1). PMBN  the product was precipitated with petroleum ether<30
is an extremely poor antimicrobial compourfd), but still °C). The white solid obtained was filtered and dried in a
capable of binding, like its parental compound, to LPS, vacuum [yield 93%, 1.3 g, 2.74 mmol; ESM3$w/z calcd
rendering Gram-negative bacteria susceptible to various474.5, found 475.6 [M+ H]*; thin-layer chromatography:
hydrophobic antibiotics currently employed against Gram- R, (chloroform/methanol/acetic acid, 9:1:04)0.38].
positive bacteriaX8). This latter synergistic antimicrobial Synthesis of Polymyxin B Nonapeptide Enantiomers
capacity, often referred to as “sensitizing activity”, may point (sPMBN and dPMBN)Linear peptide chains were assembled
to new therapeutic directiond§ 19). In addition, PMBN by conventional solid phase synthesis, using an ABIMED
is also capable of inhibiting some of the deleterious effects AMS-422 automated solid phase multiple peptide synthesizer
of LPS ©). Thus, the study of structurdunction relationship (Langenfeld, Germany). Fmoc strategy was employed through-
of PMBN may lead to the design of potent antimicrobial out the peptide chain assembB2j following the company’s
peptides. protocol. Synthesis was initiated by using Fmoc-Thr(tBu)-
The overall structure of the PMBN peptide is the most Wang resin (0.7 mmol/1 g) and was performed on a2l
important factor in determining its activity. Various linear scale. Side-chain amino protecting groups for 2,4-diamino-
analogues of PMBN were found inactive, suggesting that butyric acid (Dab) werdert-butyloxycarbonyl (tBoc) and
the cyclic structure is of major significancQ). Further- benzyloxycarbonyl (Cbz). Fmoc-Thr(tBu)-OH was employed
more, we have recently accomplished the synthesis andas the final building unit. Coupling was achieved using 4
structure-activity relationships of 11 cyclic analogues of equiv of benzotriazol-1-yl-oxy-tris-pyrolidino-phosphonium
PMBN and suggested that intactness of the unique archi-hexafluorophosphate (PyBOP) as a coupling agent and 8
tecture of the peptide is required both for efficient LPS equiv of 4-methylmorpholine (NMM), all dissolved in
binding and for maximal sensitization capaciBi). dimethylformamide (DMF). The fully protected peptide-
In the present study, we aimed at elucidating several bound resin was treated with piperidine (20% in DMF) for
features pertaining to the PMBNLPS interaction, particu- 20 min and then washed (DMF), and the free N-terminal
larly with regard to the possible stereospecific nature of this amino moiety was reacted with 4 equiv of Cbz-OSu and 4
interaction. Accordingly, we have synthesized and studied equiv of N,N-diisopropylethylamine (DIEA) in DMF for 3
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h. The fully protected peptide-bound resin was treated with  Determination of Minimal Inhibitory Concentration (MIC).
trifluoroacetic acid (TFA)/water/triethylsilane (TES) (95:2.5: Clinical isolates oEscherichia coli, Klebsiella pneumoniae
2.5; viviv) for 1 h at RT andiltered. The solution containing  and Pseudomonas aerugingsabtained as described else-
the cleavage mixture was cooled td@, and the partially ~ where, were employedl®). The Gram-negative bacteria
protected linear peptide was precipitated with ice-cold di- were grown on nutrient agar plates (Difco Laboratories,
tert-butyl methyl ether/petroleum ether (3@0°C) (1:3, v/v) Detroit, MI) and kept at 4°C. Lyophilized aliquots of
and centrifuged. The pellet was washed with the same peptides (2 mg, determined by weight and ascertained by
mixture, dissolved in water/acetonitrile (2:3, v/v), and amino acid composition analysis) were dissolved in sterile
lyophilized. Cyclization was then performed in DMF at a double distilled water and filtered using Qu2n Acrodisc.
peptide concentration of 1 mM using PyBOP/1-hydroxy- An overnight culture in Isotonic Sensitest Broth (ISB, Oxoid)
benzotriazole (HOBT)/NMM (4:4:8, equiv) as reagents for was adjusted to 1x 10° CFU/mL and inoculated onto

2 h at RT (yield>95% according to analytical HPLC). The microtiter plate wells, each containing 104 of a serial
reaction mixture was concentrated in high vacuum, and the 2-fold dilution (1006-0.5 «g/mL) of the tested antibiotics/
cyclic peptidic product was precipitated by treatment with peptides in ISB. The MIC was defined as the lowest
water. Final deprotection, i.e., removal of Cbz, was achieved concentration at which there was no visible bacterial growth
by catalytic (Pd/C) hydrogenation in acetic acid/methanol/ after incubation for 20 h, at 37C. The results are reported
water (5:4:1, viVIv). for 3—5 separate tests, which varied by no more than one

Reversed-Phase HPLC Purification and Analys&he dilution. ) , ,
crude synthetic peptides were purified with a prepacked _ Sensitizing Actiity. Bacterial suspension (4L, 1 x 10°
LichroCart RP-18 column (256 10 mm, 7um bead size: CFU) was mocul_ated onto microtiter plate wells containing
E. Merck, Darmstadt, Federal Republic of Germany) em- 100 L of a serial 2-fold dilution (10060.5 ug/mL) of
ploying a binary gradient formed from 0.1% TFA in water ovobiocin or erythromycin (Sigma Chemical Co.) in ISB.
(solution A) and 0.1% TFA in 75% acetonitrile in water 1© €ach well was added 34 of the test peptide to a final
(solution B). The column was eluted & 0 min, B= 0%, concentration of 5Q:g/mL. _The fold decreasg in MIC for
and att = 48 min, B= 60%, using a flow rate of 5 mL/ novobiocin and erythromygln between wells, in the presence
min. For purity evaluation, analytical reversed-phase HPLC ©F absence of the test peptides, was calculated and designated

was performed using a prepacked Lichrospher-100 RP-18aS Sensitizing activity. _
column (250x 4 mm, 5um bead size; E. Merck), employing Dansyl-PMBN Binding and Displacement As¢a§). The
the following binary gradient: &= 0 min, B= 10%: att fluorescence of dansyl-PMBN bound E coli LPS was

= 40 min, B= 60%; and at = 50 min, B= 100%, using measured using an MC200 monochromator (SLM AMINCO,

a flow rate of 0.8 mL/min. Separations were performed using StM Instruments, INC.) set at an excitation wavelength of
a Spectra-Physics SP8800 liquid chromatography system340 nm and at an emlssmn_wavelength of 485 nm. Binding
equipped with an Applied Biosystems 757 variable-wave- /35 .performed by re_cordlng the fluorescence after the
length absorbance detector. The column effluents Werta""dd't,Ion of Sm‘%” portlong (5.10 uL) of dansyl-PMBN
monitored by the UV absorbance at 220 nm. The corre- solution (1x 10°—1 x 10* M) in water to a quartz cuvette

: ; e taining LPS solution (2 mL, 8g/mL, ~2 x 1077 M) in
sponding fractions were collected, lyophilized, and analyzed, con ; - S
followed by exhaustive acid hydrolysis and precolumn N-(2-hydroxyethyl)piperazin®¥-2-ethanesulfonic acid buffer

reaction with 6-aminoquinolyN-hydroxysuccinimidyl car- (H.EPES; 5mM, pH .7'2)‘ 'I_'he. fluorescencg was measureq 5
bamate (AQC) to ascertain amino acid composition (Waters min after each addition. Binding assays with intact bacteria
2690 Separations Module, Mifford, MA). Mass spectra were performed as described above for soluble LPS with
analysis was performed to determine molecular weights (VG- overnight bacterial suspension (adjusted t06B- 0.2) in

; .HEPES buffer (5 mM, pH 7.2) containing sodium azide (5
I -l el I I : N
,F\)/I?Cn;g",a asi eatrlgs)pr_%; |Bﬂﬁt3%af1%og %:prggzz iﬁ):géoo/r:eter,mw. Fluorescence was measured 10 min after each addition.

: 0 The displacement assay was performed as follows: to a
(yield 35_4_'0 %). ) quartz cuvette containing either LPS solution (2 mly@
Polymyxin B Nonapeptide (PPMBN)PMBN was pre- 1y 2 » 107 M) in HEPES buffer (5 mM, pH 7.2) or
pared by proteolysis of PMB with Papain or Ficin as pacterial suspension in the same HEPES buffer containing
described elsewhered)( (PMB, Papain, and Ficin were  gqgiym azide (5 mM) was added dansyl-PMBN (0.55 or 10
purchased from Sigma Chemical Co., St. Louis, MO). The 1 respectively) and allowed to equilibrate at RT for-10
crude product was purified>98%) by HPLC, and then 15 min. Subsequently, small portions<(50 L) of peptide
analyzed and characterized as described above. solutions (1x 10-5—1 x 10-3 M) were added. The inhibition

Dansyl-PMBN.Dansyl-labeled PMBN was prepared as of fluorescence was measured 5 min after each addition. The
follows: resin-bound linear peptide (2bnol) (see above)  percent inhibition was plotted as a function of the peptide
was treated with piperidine (20% v/v, in DMF) in order to concentration, and l§& values were calculated from the
remove the Fmoc protecting group from the N-terminal maximal specific displacement.f).
o-amino function of threonine. The resin-bound peptide was  Circular Dichroism (CD) Studies CD spectra were
then reacted with dansyl chloride (4 equiv, 27 mg) and NMM recorded on a Jasco Model J-500C spectrophotometer
(8 equiv, 22uL) in DMF for 2 h. The labeled linear peptide  equipped with a Data Processor station Model DP-500N.
was removed from the resin, cyclized, purified98%), and Duplicate scans over a wavelength range of-1980 nm
analyzed as described above (yield 40%; ESM#:z calcd were taken at a chart speed of 10 nm/min in a 0.1 cm path
1197.2, found 1198.6 [M- H]*; Thr, 1.1; Dab, 4.9pPhe, length quartz cell at RT. Peptides were dissolved in 5 mM
1; Leu, 1;tgr 33.54 min). potassium phosphate buffer, pH 7.2, at a final concentration
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Table 1: Peptide Primary Structure and Identification

peptide structure tr (Min)° ESMS (n/z)° amino acid analysfs

pPMBN TXcycldXX FLXXT] 25.1 963.6 (962.57) T,1.92; X,4.98; L,1.0; F,1.0
sPMBN TXeycldXX FLXXT] 25.1 963.6 (962.57) T,1.86; X,4.82;L.,1.0; F,1.0
dPMBN TXcycld XX FLXXT ] 25.1 963.6 (962.57) T,1.91; X,4.87;L,1.0; F,1.0

a Boldface amino acids are tlmeenantiomers; X= 2,4-diaminobutyric acid® tr, retention time on analytical RP-18 HPLC column (see Materials
and Methods)¢ Numbers in parentheses refer to calculated valti@se calculated values areF 2, X =5, L =1, and F= 1.

tBu 12
Fmoc-Thr-Wang resin
Q 4
J 1) Coupling - 8 cycles a
tBuCbz thTC Cbz Cbz Cbz tBu 6 -
Fmoc-Thr-Dab-Dab-Dab-dPhe-Leu-Dab-Dab-Thr-resin
3 4
2) 20% Piperidine
3) Cbz-OSu / DIEA
X, 0 A
tBu Cbz tBoc Cbz Cbz Cb|z tBu o
Cbz-Thr-Dab-Dab-Dab-dPhe-Leu-Dab-Dab-1Jhr-resin -3 - b
l 4) TFA
Cbz NHp Cbz Cbz Cbz 1
Cbz-Thr-Dab-Dab-Dab-dPhe-Leu-Dab-Dab-Thr-OH 9 ¢
j 5) PyBOP / HOBT / NMM i
Cbz Cbz Cbz Cbz 190 200 210 220 230
J g Wavelength (nm)
Cbz-Thr-Dab-Dab-Dab-dPhe-Leu-Dab-Dab-Thr FiGURE 3: Circular dichroism spectra of PMBN peptides (0.1 mM)

in PB/TFE (1:1, v/v). [dPMBN (a), SPMBN (b), and pPMBN (c).]
[6]* = Oops x 1072 deg cn? dmol.

l 6) Hp / Pd-C

H-Thr-Dab-Dab-Dab-dPhe-Leu-Dab-Dab-Thr and their correct amino acid composition and calculated
molecular weights were ascertained by amino acid analysis
and electrospray mass spectrometry (Table 1). pPMBN, the
proteolytic product of natural PMB, was prepared as previ-
) ) . ously described9). The expectation that the two enantiomers
of 0.1 mM. Measurements were taken either in potassium ¢ p\BN would exhibit mirror-image conformations was
phosphate buffer or in buffer containing 50 and 90% confirmed by CD measurements (Figure 3). As shown, the
trifluoroethanol (TFE, v/v). , L-enantiomers, both the one obtained from proteolysis of
NMR Studies (24H NMR spectra were obtained on a  holymyxin B (pPMBN) and the synthetic one (SPMBN), have
Bruker AVANCE 400 spectrometer (400 MHz). To evaluate jgentical ellipticity patterns which are equal in amplitude but
the binding of peptides to LPS, Ilne-bro_adenlng expenments opposite in sign to that of the-enantiomer (dPMBN). This
were performed by successively adding small aliquots of finging suggests that not only the backbone chiral center but
concentrated stock solution of LPS (12 mg/mL in deuterium 5,56 the chiral centers formed in the “folding” are mirror
oxide) to peptide solutions (5 mM) in water/deuterium oxide jmages. The recorded CD points to a rather random structure
(9:1) (pH 2.3) up to a final concentration of 0.6 mg/mL. iy hoth aqueous and TFE solutions (not shown). Redent
RESULTS NMR studies suggested that the conformation of PMBN is
of type II' 5-turn centered on thePhe-Leu segment for the
Polymyxin B nonapeptide (SPMBN) and itsenantiomet- free peptide 26), and an envelope-like fold of the peptide
an analogue in which all amino acid residues are replaced,ring for the LPS-bound peptid&T7).
correspondingly, by their optical isomers ([‘all d'JPMBN; For further structural comparison, tfd NMR spectra of
dPMBN)—were synthesized by employing a combination of the enantiomeric peptides were studied. Thus, both enan-
solid phase linear chain assembly and a subsequent cyclizatiomers exhibited identical patterns in the presence or absence
tion in solution (Figure 2). Recently, a related approach for of E. coli LPS, the molecular target of PMBN (and PMB)
the total synthesis of polymyxin B1 was report@b)( The on the bacterial cell surface (Figure 4). The addition of LPS
peptides were purified to homogeneity 48%) by HPLC, to the peptides resulted in a concentration-dependent line

Ficure 2: Synthesis of SPMBN and dPMBN.
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Ficure 4: 'H NMR spectra of pPMBN and dPMBN in the presence and absence of HPNMR spectra were obtained on a Bruker
AVANCE 400 spectrometer (400 MHz) by successively adding small aliquots from a concentrated stock solution of LPS (12 mg/mL in
D,0) to peptide solutions (5 mM) in 4#0/D,0 (9:1) (pH 2.3) to a final concentration of 0.6 mg/mL LPS. (A) dPMBN. (B) dPMBNLPS

(0.6 mg/mL). (C) pPMBN. (D) pPMBNt LPS (0.6 mg/mL).

broadening of most peptide-related resonance, presumably The peptides pPMBN, sPMBN, and dPMBN were tested
due to an enhanced exchange between free and LPS-bountbr their potential to inhibit the growth of different species
molecules 26). As shown, the line broadening effect is of Gram-negative bacteria. Their MIC values toward clinical

observed in both the backbone*€Cand NH) and the side-

isolates ofE. coli, K. pneumoniagand P. aeruginosaare

chain resonances. An identical effect was observed for bothshown in Table 2. As expected, all three peptides had

enantiomers. ThéH NMR data suggest that the two mirror-

practically no bactericidal activity again&. coli and K.

image peptides interact with cell-free LPS in a rather similar pneumoniae(17). However, both pPMBN and sPMBN
exhibited growth-inhibition again§. aeruginosg8 «g/mL).

manner.
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Table 2: MIC Values #g/mL) of PMBN Peptides 90
peptide E. coli K. pneumoniae P. aeruginosa poinding of dansyl
pPMBN 1000 >1000 8 80 1 i
sPMBN >500 >1000 8 o
dPMBN >1000 >1000 >1000 2 o
PMB 3 4 3 [C -
2 o}
= Ewooo [m] AA
180 < 60 g
c % 10000 A
160 | % 50 EB:: 5000 D
140J -E 0 ° A
pa 8 001 010 1.00 10.00
2120 c i Dansyl-PMBN (uM)
15} ® 40 A
5 ]
5 100 o S
2 8 | "
S g0 - r 0 o
B
GC)
3 60 - 20 | o
A
40 - .
u]
20 10 1 Aﬁn
u]
0 +Otr A— 'y o b
' ) ’ ' X 0 +——rrrrr— T
0 20 40 60 80 100
Peptides (ug/mL) 0.01 0.1 1 10 100
FIGURE 5: Sensitization of. coli toward novobiocin by the three Peptides (uM)

PMBN peptides. The relative potency is shown as the ratio of Ficure 6: Displacement of LPS-bound dansyl-PMBN by PMBN
novobiocin MIC in the absence and presence of the PMBN peptides enantiomers. Increasing concentrations of PMBN peptides [pPMBN
(5—100 ug/mL) that reduces the MIC toward. coli from 62.5 (@), sPMBN ©), and dPMBN {)] were added tcE. coli LPS

down to 0.5ug/mL. pPMBN @), sSPMBN (), and dPMBN #). solution (3 ug/mL) bound to dansyl-PMBN (0.5%M). The
fluorescence inhibition was measured 5 min after each addition at
Table 3: MIC Values gg/mL) of Erythromycin excitation and emission wavelengths of 340 and 485 nm, respec-
antibiotic E. coli K. pneumoniae tively.
erythromycin 125 125 of the peptide, prior to cleavage of the peptide from the
Erythro+-pPMBN? 2 8 polymeric support, with dansyl chloride, as detailed under
ErythrotdPMBN? 125 125 Materials and Methods. A plot of enhanced fluorescence as
aThe peptides were at a final concentration of &imL. a function of dansyl-PMBN added to LPS is illustrated in

Figure 6 (inset). The ability of the peptides pPMBN, sPMBN,

The enantio analogue, dPMBN, had no antimicrobial activity @nd dPMBN to displace dansyl-PMBN (0.581) from cell-

against any of these species1000xg/mL). free LPS (3ug/mL) was evaluated (E|gure 6). Relateq
Next, we focused on the peptides’ ability to sensitize calcglanons revealfad that the concentrations of these peptides

Gram-negative bacteria toward the hydrophobic antibiotics "€quired for 50% displacement are 2.5 ane\gfor pPMBN

novobiocin and erythromycin, presumably by augmenting @d SPMBN (maximal inhibition observethax = 80%),

penetration of the antibiotic through the OM into the bacteria réspectively, and 2.M for dPMBN (Imax = 65%). In

(18, 19). This activity was evaluated in terms of the peptides’ 2ddition, the ability of these peptides to displace dansyl-

ability to reduce the MIC values of novobiocin and eryth- PMBN (10 «M) from whole bacteria was evaluated. The

romycin towardE. coli and K. pneumoniaepPMBN and concentrations required for 50% displacement are 25 and

sPMBN showed a very high capacity to render the bacteria 20 #M (Imax = 75% and 60%) for pPMBN and dPMBN,

susceptible to novobiocin (Figure 5). However, the enantio eSPectively (Figure 7).

analogue, dPMBN, exhibited significantly reduced potency DISCUSSION

to increase novobiocin penetration into the bacteria, even at

a concentration as high as 19/mL (0.1 mM) (Figure 5). The binding of PMB to the bacterial LPS through the
Similar results were obtained in studies with erythromycin latter’s highly conserved lipid core, i.e., lipid A, is the major
(Table 3). event leading to toxin neutralization by the peptide. The exact

The interaction of PMB (and PMBN) with the bacterial nature of this association is, as yet, enigmatic and rather
cell-bound LPS, as well as with cell-free LPS and its lipid controversial. Several studies have been recently directed
A domain, was quantified using the dansyl-PMB binding toward understanding the nature of PMBPS association
assay 23). The method is based upon enhancement of the (24, 26—28). Achieving this goal may lead to novel
dansyl fluorescence with increments of LPS or lipietpep- therapeutic routes for combating Gram-negative-induced
tide association. Binding experiments with PMBN were sepsis.
performed by a modification of the above method, using  Studies employing isothermal titration calorimetry suggest
dansyl-PMBN rather than dansyl-PMB. Dansyl-PMBN was that the binding of PMB tcE. coli LPS and to lipid A is
synthesized by reacting the free N-terminahmino function stoichiometric and noncooperative, with affinity in the
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of the peptides upon their binding to LPS. Different picture
emerges, however, from the antibacterial studies. Thus,
pPMBN and sPMBN are active agaiistaeruginosgMIC,

8 ug/mL) whereas dPMBN is inactive (MIC; 1000 ug/

mL) (Table 2). Similarly, pPMBN and sPMBN enhance most
substantially the sensitivity dE. coli and K. pneumoniae
toward erythromycin and novobiocin, whereas dPMBN is
inactive. These differences in the ability of the peptides to
permeabilize the bacterial membrane cannot be explained
on the basis of the binding affinities of the two enantiomers

A toward LPS. Moreover, the capacity of both sPMBN and
dPMBN to displace dansyl-PMBN from inta&. coli is
rather similar (Figure 7).

As expected, the functional interaction of biologically
active peptides with their specific cellular receptors is
stereospecific. Thus, even minor structural alternations may
A lead to dramatic modulation in activity. ‘Ati’-enantiomers
O of regulatory peptides have been often used as tools to
understand the mode of action of the parental compound.
As a rule, enantiomers of receptor-specific peptides were

found to be devoid of activity [e.gp-oxytocin, b-gastrin,
101 'y and p-bradykinin @1—33)]. In contrast, enantiomers of
A surface-active peptides might be, theoretically, equally potent.
A o Indeed, several ‘alb’-enantiomers of antibacterial peptides,
o ' i e.g., cecropin34) and magainin5, 36), were found to be
as potent as their ‘all’ counterparts. However, theforms
Peptides (uM) of apidaecine37) and drosocin38), antimicrobial proline-
FiGURe 7: Displacement oE. coli-bound dansyl-PMBN by PMBN  rich peptides isolated from honeybees abdosophilg
enantiomers. Increasing concentrations of PMBN peptides [pPMBN respectively, are totally inactive. In the present study, the

(a) and dPMBN ()] were added tc. coli suspension (Okgo = ‘all d’ enantiomer of PMBN lost one activity but retained
0.2) bound to dansyl-PMBN (1@M). The fluorescence inhibition . . . . - .

was measured 5 min after each addition at excitation and emission@nOther; that is, it lost its sensitizing activity, but retained
wavelengths of 340 and 485 nm, respectively. its LPS binding capacity, suggesting that these two PMBN

functions, although consecutive, are mediated by two dif-
ferent molecular mechanisms. One of these functions,
sensitizing activity, requires the structural intactness of the
dealing with binding of dansyl-PMB to LPS and lipid A, PMBN molecule, while the other, LPS binding, is less
isolated fromP. aeruginosasuggest a cooperative peptile  demanding and requires a general sequence similarity to the
LPS association involving more than a single binding site parent PMBN molecule, and its chirality seems to be less
for PMB on each LPS and lipid A molecule, i.e., four and important. This notion is supported by the finding that several
two binding sites, respectivelyl§). The binding affinity  cyclic analogues of PMBN, including derivatives with minor
found for both is 0.38«M, rather similar to the value (0.3  structural alterations, bind to LPS rather similarly to PMBN
uM) found employing dansyl-labeled LPS frofntyphimu-  put are unable to sensitize Gram-negative bacteria toward
rium (30). The intermolecular peptideipid interactions are  hydrophobic antibioticZ1). Taken together, it is postulated
attributed to the amphiphilic feature of PMB, involving that the permeation activity of PMBN, as well as that of
primarily the hydrophobic face of the peptide enforced into pMB, is mediated by a chiral bacteripeptide association

an appropriate alignment by the positively charged side jn which the natural conformation of the peptide plays a

chains of the 2,4-diaminobutyric acid residu@8)( Similar crucial role. Therefore, the development of efficient PMB-
structural considerations were further deduced and elaboratethnd PMBN-related antibiotic drugs should predominantly

from 2D NMR and molecular dynamics studies of PMBN re|y on the above structural considerations.
andE. coli LPS @4, 26). According to the latter, PMB and
PMBN have a type lI3-turn structure for the free peptide

and an envelope-like fold of the peptide ring for the LPS-

001 01 t 10 100
Dansyl-PMBN (uM) A

[9]
o
1

Fluorescence inhibition (%)
-y
o

20 +

0.1 1 10 100 1000

micromolar range Z29). Conclusions drawn from studies
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