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ABSTRACT: Ro09-0 198 is a peptide antibiotic and immunopotentiator produced by Streptoverticillium 
griseoverticillatum which exhibits antitumor and antimicrobial activities. The chemical structure has been 
determined [Kessler et al. (1988) Helv. Chim. Acta 71, 1924-1929; Wakamiya et al. (1988) Tetrahedron 
Lett. 37, 477 1-47721. This peptide specifically interacts with (lyso)phosphatidylethanolamine, causing 
hemolysis and enhancing permeability in phosphatidylethanolamine-containing vesicles [Choung et al. (1 988) 
Biochim. Biophys. Acta 940, 171-179, 180-1871, The highly specific nature of the interaction was studied 
by two dimensional proton N M R  analyses. Proton resonances of the peptide were observed in dimethyl 
sulfoxide solution in the presence of 1 -dodecanoyl-sn-glycerophosphoethanolamine. By comparison to the 
chemical shifts in the absence of lysophosphatidylethanolamine and by analysis of intermolecular cross-peaks 
in NOESY spectra, amino acid residues involved in the binding with the phospholipid were identified. The 
ammonium group of the phospholipid interacts with the carboxylate group of P-hydroxyaspartic acid- 15 
but not with that of the carboxylate terminus. The secondary ammonium group of lysinoalanine-19/6 is 
probably bound to the phosphate group of the lipid. The peptide does not interact strongly with the fatty 
acid chain of the lipid. A folded structure of the central part [from Phe' to Ala(S)14] of the peptide opens 
on binding with the phospholipid and accommodates the glycerophosphoethanolamine head group. 

R o 0 9 - 0 1 9 8  is a peptide antibiotic and immunopotentiator 
found in culture fluid of Streptoverticillium griseoverticillatum 
which exhibits antitumor and antimicrovial activity (Takemoto, 
1981). Kessler et al. (1987, 1988) determined the chemical 
structure of the peptide by a combination of chemical methods 
and a variety of NMR methods. Independently, Wakamiya 
et al. (1988) determined the peptide structure (including the 
chirality of amino acid residues) by chemical methods. It is 
a nonadecapeptide containing various uncommon amino acids, 
lanthionine, @-methyllanthionine, lysinoalanine, and @-hy- 
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droxyaspartic acid, the former three forming intramolecular 
bridges (Figure 1 a). 

The amino acid composition of this peptide is quite similar 
to that of duramycin (Arg2 is replaced by lysine in duramycin; 
Shotwell et al., 1958), which suggests similar action mecha- 
nisms of these antibiotics. In fact, these peptides have been 
found to interact specifically with certain lipid components 
of the cell membrane. Duramycin induces aggregation of lipid 
vesicles containing phosphatidylethanolamine or mono- 
galactosyldiglyceride (Navaro et al., 1985), while Ro09-0198 
induces hemolysis which is blocked by preincubation of the 
peptide with phosphatidylethanolamine-containing vesicles 
(Choung et al., 1988a,b). Ro09-0198 is also found to cause 
leakage of small molecules from vesicles containing phos- 
phatidylethanolamine or lysophosphatidylethanolamine. The 
interaction of Ro09-0198 with lipids is highly specific, and the 
structural requirement for the lipid is the presence of the 
phosphoethanolamine moiety with a free primary amino group 
and a hydrophobic chain. In addition, the glycerol moiety is 
required for the permeability increase through the lipid bilayer 

#t Faculty of Engineering, Yokohama National University. (Choung et al., -1 988a,b). 
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FIGURE 1: (a) Primary structure of Ro09-0198 (Kessler et al., 1988; 
Wakamiya et al., 1988). (b) Assignments of Ro09-0198 in the 
presence of C 12-LPE. daN, d”, and dsN are for sequential NOEs 
for proton pairs (CaH and NH), (NH and NH), and (CPH and NH), 
respectively, and b is for the pair of CPH of two S-bridged residues; 
shaded bands are ffr  strong: NOEs and lines for weak NOEs: broken 
lines are for strong sequential NOEs for the pair of CaH2’of Gly8 
and C6H2 of Pro9. 

As for the interaction of peptide antibiotics with phospho- 
lipids, however, amino acid residues involved in lipid binding 
or conformational changes associated with lipid binding have 
not been elucidated in detail. In the present study, we carried 
out proton NMR analyses of the interaction of Ro09-0198 with 
lysophosphatidylethanolamine in perdeuterated dimethyl 
sulfoxide solution. We succeeded in the determination of 
amino acid residues involved in the binding with phosphati- 
dylethanolamine and found an overall conformation change 
of the peptide upon binding with the phospholipid. 

MATERIALS AND METHODS 
Immunopotentiator Ro09-0 198 was a generous gift from 

Dr. Takemoto of Nippon Roche Research Center. 1-Dode- 
canoyl-sn-glycerophosphoethanolamine (C 1 2-LPE) was 
purchased from Avanti Polar-Lipids Inc. (Pelham, AL). 
Proton NMR spectra were recorded on Bruker AM-400 and 
AM-500 spectrometers. Chemical shifts were measured 
relative to the methyl proton resonance of internal sodium 
4,4-dimethyl-4-silapentane- 1 -sulfonate. For NMR measure- 
ments, the peptide was dissolved in (CH3),SO-d6, evaporated 
to remove residual water, and redissolved in (CH3)2SO-d6 to 
a final concentration of about 5 mM. When the same peptide 
was dissolved in water, the pH of the solution was about 5. 

We chose (CH3),SO-d6 as the solvent in the present study 
because of the following reasons. (1) The peptide is readily 
soluble in (CH3),SO-d6 while it is hardly soluble in methanol 
or in acetone. (2) C-H proton resonances of the peptide in 
aqueous solution are significantly shifted with concentration 
(and temperature), indicating self-aggregation, but not in 
(CH3)2SO-d6 solution (data not shown). (3) In (CH3),SO-d6 
solution, peptide N-H proton resonances are clearly observed, 
allowing unambiguous resonance assignments. Results ob- 
tained with this fully dispersed system will provide a basis for 
elucidating the interaction of the peptide with the phospholipid 

Abbreviations: Abu(S)Ala, 0-methyllanthionine residue [NHCH- 
(CO)CH(CH3)SCH2CH(CO)NH]; Ala(S)Ala, lanthionine residue 
[NHCH(CO)CH2SCH2CH(CO)NH]; C 12-LPE, 1 -dodecanoyl-sn- 
glycerophosphoethanolamine; DQF-COSY, double quantum filtered 
correlation spectroscopy; DQF-relayed NOESY, double quantum fil- 
tered, relayed nuclear Overhauser enhancement spectroscopy; HO-Asp, 
P-hydroxyaspartic acid residue [NHCH(CO)CH(OH)COOH]; HOH- 
AHA, homonuclear Hartmann-Hahn correlation spectroscopy; Lys- 
(N)Ala, lysinoalanine residue [NHCH(CO)(CH,),NHCH,CH(CO)N- 
HI ; NOESY, nuclear Overhauser enhancement spectroscopy. 
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FIGURE 2: 500-MHz ‘H NMR spectra of RoO9-0198 in (CH3),SO-d6 
solution at 45 “C in the absence (a) and in the presence of 0.5 mol/mol 
of peptide (b) and 1 mol/mol of peptide (c) of C12-LPE. Peptide 
concentration is about 5 mM. 

membranes in more biological aqueous system. 
Two-dimensional double quantum filtered COSY (DQF- 

COSY) (Rance et al., 1983), HOHAHA (Bax & Davis, 
1985), and NOESY (Jeener et al., 1979) experiments were 
performed in the phase-sensitive mode with a time proportional 
phase increment (Bodenhausen et al., 1984). The mixing time 
was set to 62 ms for HOHAHA experiments and to 300 ms 
for NOESY experiments. The data size in the time domain 
was 512 points in t l  and 2K points in t2. For each tl value, 
64 transients were accumulated. Prior to Fourier transfor- 
mation, time domain data were multiplied by a squared cosine 
bell for DQF-COSY and by a Gaussian function for HOH- 
AHA and NOESY. The same window function was applied 
for tl and t2. The “zero-filling” method was employed to give 
a frequency domain data size of 1 K X 4K, but symmetrization 
was not applied. All the NMR measurements were made at 
45 OC. The peptide solution (either in the presence or absence 
of Cl2-LPE) was stable, and no spectral change was observed 
over several months. 

RESULTS 
Resonance Assignments of Free Peptide in ( cH3),s0-d6 

Solution. While our NMR analysis was in progress, Kessler 
et al. (1987, 1988) reported on the determination of the 
chemical structure of Ro09-0198 by analyses of 600-MHz 
NMR spectra in (CH3),SO-d6 solution. They assigned proton 
resonances to individual residues by DQF-COSY and eluci- 
dated connectivities by NOESY and DQF-relayed NOESY. 
Our results are mostly in agreement with theirs except that, 
in 500-MHz spectra, we could not distinguish the spin system 
of the lysinoalanine residue from that of phenylalanine residues 
(to be described later). However, we could clearly distinguish 
between two geminal protons for C6H2 of Pro9, C@H2 of Phe12, 
and CPH2 of Lyslg. In addition, we confirmed the resonance 
assignment of ,&hydroxyaspartic acid in position 15 by a 
specific broadening due to the paramagnetic Gd3+ ion (data 
not shown). Our experimental conditions were set appropriate 
for studying the effect of the interaction of C12-LPE with the 
peptide, so that the proton chemical shifts of the free peptide 
observed in the present study are listed in Table I. 

Titration of Ro09-0198 with CI2-LPE. Upon addition of 
C12-LPE to a (CH3),SO-d6 solution of Ro09-0198, a new set 
of resonances due to the peptide-LPE complex appeared while 
the intensities of proton resonances of the free peptide were 
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FIGURE 3: (a) 500-MHz HOHAHA spectrum (N-H/CaH, CBH region) of the 1:l complex of Ro09-0198 and Cl2-LPE in (CH3)2SO-d6 
solution at 45 OC. The mixing time is 62 ms. The cross-peaks due to the NH2+ protons of LysI9-NH2+-Ala6 are connected by thick broken 
lines, where the locations of Ala(N)6 CbH and LysI9 CeH resonances are marked with A6 and KI9, respectively. The cross-peaks due to the 
amide proton of Ala(N)6 are connected by a thin broken line. The cross-peaks due to the NH3+ protons of Cl2-LPE are connected by a dotted 
line. (b) 500-MHz NOESY spectrum (aliphatic/amide region) of the 1:l complex of Ro09-0198 and C12-LPE in (CH3)$O-d6 solution at 
45 "C. Sequential NOE peaks for pairs of CaH of one residue and N-H of the succeeding residue are marked with residue number pairs 
and are connected, by broken lines, with intraresidue NOE cross-peaks of the succeeding residue. A connectivity starts from the interresidue 
NOE for the pair of Arg2 and Gln3 (marked with open square) and ends with the intraresidue NOE of Gly" (closed square). Another connectivity 
starts from the intraresidue NOE of Va1I3 (open circle) and ends with the intraresidue NOE of Abu(S)I8 (closed circle). The cross-peaks 
due to the sequential NOE for pairs (Pro9, Phelo), (Phelo, Abu(S)"), and (Abu(S)I', PheI2) are observed with a lower contour level (data 
not shown). The intraresidue NOE for the pairs of Cs,@' protons and C2,6 protons of Phe7 and PheLo are marked with F7 and F'O, respectively. 
The intermolecular NOE cross-peaks for proton pairs (OH of HO-Aspls and NH3+ of CIZLPE), (CaH of and NH3 of Cl2-LPE), 
and (C2,6H of Phelo and glycerol C2H of Cl2-LPE) are marked with 15e, 5e, and log, respectively. 
decreased (Figure 2). For example, changes in amide proton 
resonance peaks of the free state (a) and the bound state (c) 
are marked for Ala(N)6 (with dotted lines) and Abu(S)I' (with 
broken lines). The exchange rate of the peptide molecule 
between the free state and the LPE-bound state was found to 
be slow since changes in chemical shift or line width of free 
peptide resonances were not observed either. 

Resonance Assignment of LPE-Bound Peptide in 
(CH&so-d6 Solution. Assignments of proton resonances of 
the peptide in the presence of C12-LPE were carried out as 
in the absence of C12-LPE. First, peptide proton resonances 
were classified into amino acid residue types by tracing J 
connectivities in the DQF-COSY spectrum with the aid of 
relay peaks in the HOHAHA spectrum. Thus, the proton 
resonances of Arg2, Pro9, Abu(S)", Val13, HO-AsplS, Abu- 
@)I8, and Lys19 were readily identified. The resonances of 
AsnI7 was assigned by the characteristic NOESY peaks for 
the pair of the C@ protons and the carboxamide protons. Note 
that each of the two nonequivalent NH2+ protons of lysino- 
alanine-1 9/6 were observed in the HOHAHA spectrum, ex- 
hibiting cross-peaks with the Ct protons of LysI9 and with the 
C@ protons of Ala6 (thick broken lines in Figure 3a). This 
enabled an unambiguous resonance assignment of lysinoalanine 
in the presence of C12-LPE, whereas in the absence of C12- 
LPE the NH2+ proton resonances were not observed probably 
because of proton exchange with trace water. 

Sequential Assignment of Ala(S) I-Proq. Further, sequential 
assignments of spin systems were made by observation of 
NOESY cross-peaks for the pairs of the C@ proton of the ith 

residue and the amide proton of the ( i  + 1)th residue 
(Wuthrich, 1986). The characteristic spin system of Pro9 was 
readily identified in the DQF-COSY spectrum. From this 
residue, main-chain protons were traced toward the amino 
terminus. Observation of the NOESY cross-peaks for the pairs 
of the two C6 protons of Pro9 and the two C a  protons of Glys 
(GP in Figure 4b) allowed the assignment of the proton res- 
onances of Glys. The spin system of Phe7 was found from the 
NOESY cross-peak for the amide proton of Gly8 and the C a  
proton of Phe7 (7-8 in Figure 3b). The connectivity of Phe7 
and Ala(N)6 was confirmed by the observation of the cross- 
peak for the C a  proton of Ala(N)6 and the amide proton of 
Phe7 (6-7 in Figure 3b). The proton resonances of 
were identified from the cross-peak for the pair of the C a  
proton of and the amide proton of Ala(N)6 (5-6 in 
Figure 3b). In a similar manner, the main-chain proton 
resonances of the sequence Arg2-Gln3-Ala(S)4-Ala(S)S were 
assigned (Figure 3b). The amide proton resonance of Arg2 
was not observed, because of a fast exchange rate of the proton 
in the lipid-bound state. Nevertheless, the proton resonances 
of Ala@)' were identified by the observation of the NOESY 
cross-peaks for the pair of the two Cp protons of Ala(S)' and 
the Cp  proton of Abu(S)'* (B1 in Figure 4b). 

Sequential Assignment of PheIo-PheI2. The proton reso- 
nances of PheIo were identified by the NOESY cross-peak for 
the pair of the C a  proton of Pro9 and the amide proton of 
Phe'O. In a similar manner, the spin connectivity of Phe'O- 
Abu(S)"-Phe'* was traced, which was confirmed by obser- 
vation of NOESY cross-peaks for the pairs of amide protons 
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Table I:  Chemical Shifts (ppm) of Ro09-0198 in the Absence 
(Roman) and in the Presence (Italic) of C12-LPE and Chemical 
Shifts of LPE in the Absence (Roman) and in the Presence (Italic) 
of Ro09-0198 in (CH3)2SO-d6 Solution at  45 OC 

Biochemistry, Vol. 29, No. 1, 1990 

amino acid N-H CaH COH others 

Wakamatsu et al. 

Ala@)’ a 4.17 
a 4.19 

Arg2 9.92 4.70 
a 4.72 

Gln’ 8.51 5.22 
8.53 5.26 

Ala@)‘ 8.06 4.90 
7.96 5.07 
8.93 4.47 
8.96 4.12 

Ala(N)6 10.90 4.65 
11.27 4.51 

Phe7 8.70 4.51 
7.50 4.97 

Gly8 7.43 4.08, 4.08 
8.91 5.19, 3.61 

Pro9 3.95 
4.05 

Phelo 

Abu(S) I I 

PheI2 

Val’3 

Ala(S)I4 

H O - A S P ~ ~  

Gly16 

AsnI7 

Abu(S)’* 

Lys’9 

8.92 3.97 
8.78 4.77 
7.86 4.49 
9.37 4.37 
8.21 4.66 
9.00 4.61 
7.38 4.23 
8.98 3.84 
8.81 3.30 
8.81 3.20 
7.42 4.58 
7.46 4.81 
7.35 4.14, 4.00 
7.12 4.09, 4.00 
8.31 5.22 
8.31 5.21 
7.58 4.40 
7.63 4.38 
8.34 3.79 
8.42 3.67 

3.72, 3.06 
3.70, 3.05 
1.77, 1.47 1.64, 1.48 (CyH) 
1.74, 1 .46 1.59, 1 .45 

3.09, 3.09 (C6H) 
3.08, 3.08 
8.46 (NbH) 
8.38 

1.92, 1.92 2.06, 2.06 (CyH) 
1 .95, 1.95 2.01, 2.01 

7.04, 6.55 
7.03, 6.56 (NH,) 

3.58, 2.53 
3.59, 2.36 
2.53, 2.35 
2.54, 2.19 
3.03, 2.96 
3.11, 2.94 
3.14, 2.84 b (C2,6H) 
3.00, 2.70 7.08 

1.90, 1.72 2.05, 1.89 (CyH) 
1.78, 1.01 1.66, 1.66 

3.72, 3.42 (CbH) 

2.99, 2.99 
3.35, 2.65 
3.25 
3.20 
3.36, 3.00 
3.01, 2.94 
1.78 
2.53 
2.84, 2.59 
2.75, 2.61 
4.24 
4.75 

3.84, 3.35 
7.09 (C2,6H) 
7.21 
1.16 (methyl) 
0.73 

0.98, 0.85 (methyl) 
1.07, 0.86 

3.60 (OH) 
6.08 

2.58, 2.58 7.39, 6.80 (NH,) 
2.59, 2.59 7.42, 6.78 
3.50 1.23 (methyl) 
3.49 1.23 
1.77, 1.26 1.22, 1.03 (CyH) 
1.83, 1.13 0.98, 0.98 

1.47, 1 .13  (Cb) 
1 .63, 1.16 
2.73, 2.62 (CeH) 
2.74, 2.64 
a, a (NcH) 
9.61. 7.97 

LPE 2.30 (CCU) 4.01, 3.96 (CIH20) 3.69, 3.69 (C3H2OP) 
2.32 4.19, 4.06 3.70, 3.70 
1.54 (CB) 3.77 (C2H) 2.98, 2.98 (CH,N) 

_ I  

1.55 3.97 2.91, 2.80 
1.27 (Cy) 5.69 (C20H) 3.87, 3.87 (POCHJ 
I .27 5.25 4.65, 4.03 
0.87 (methyl) 8.30 (NH3) 
0.87 8.13 

“Not  observed. *Not determined. 
~ ~~ 

of two consecutive residues (data not shown). 
Sequential Assignment of V ~ l ~ ~ - L y s ~ ~ .  The proton reso- 

nances of Va1I3 were readily assigned in the DQF-COSY 
spectrum from observation of spin coupling of two methyl 
resonances with one CP proton. The connectivity of ValI3- 
Ala(S)’4-HO-Asp15-GIy16-Asn’7-Ab~(S)18 was determined 
from the NOESY cross-peaks for the pair of the Ccu proton 
of the ith residue and the amide proton of the (i + 1)th residue 
(Figure 3b). The connectivity of Abu(S)I8 to LysI9 was 

2 F2 ( p o d  6 5 4 1 

FIGURE 4: 500-MHz NOESY spectra (aliphatic/aliphatic region) 
of Ro09-0198 in (CH,),SO-$ solution at 45 OC in the absence (a) 
and in the presence (b) of ClZLPE. The mixing time is 300 ms. 
(a) Interresidue NOE peaks for the pairs of GIy8 and Val” and of 
Pro9 and Val” are marked with GV and PV, respective1 . (b) Se- 

marked with GP. For S-bridged residues, Ala(S)’-Abu(S)18, Ala- 
(S)4-Ala(S)14, and Ala(S)S-Abu(S)’l, NOE peaks are marked with 
B1, B4, and B5, respectively. Intermolecular NOE peaks are marked 
as follows: Gly8 Ca,a’H and ethanolamine POCH2 (Ge); Pro9 C6H 
and lycerol ClH (Pg); Prog C6,6’H and ethanolamine POCH2 (Pe); 

ethanolamine CH2N (De). An open star is for the missing NOE for 
the pair of aCH2 and @CH2 of the dodecanoyl chain of C12-LPE. 

identified from the cross-peak for the amide protons of these 
residues (data not shown). 

Finally, these assignments were confirmed by the observa- 
tion of NOESY cross-peaks for the proton pairs of S-bridged 
residues, namely, the pairs of the two C@ protons of Ala(S)4 
and the two C@ protons of Ala(S)I4 and the pairs of the two 
CP protons of Ala(S)5 and the C@ proton of Abu(S)” (B4 and 
B5, respectively, in Figure 4b). The spin connectivities in 
Ro09-0198 in the presence of C12-LPE are schematically 
summarized in Figure Ib. The connectivity of PheI2 and Val13 
was not confirmed here because of overlap of the amide proton 
resonances of these residues, although such a connectivity was 
established in the absence of C lZLPE (data not shown). The 
proton chemical shifts of Ro09-0198 in the presence of C12- 
LPE are listed in Table I. 

Resonance Assignment of Cl2-LPE. Proton chemical shifts 
of C12-LPE in (CH3),SO-d6 solution in the absence and in 
the presence of Ro09-0198 are listed in Table I. In the absence 
of the peptide, the proton resonances of the glycerol moiety 
were distinguished from those of the ethanolamine moiety by 
spin-decoupling experiments. The methylene proton reso- 
nances of glycerol C3H20P and ethanolamine POCH2 were 
identified from the spin coupling of 6 Hz with the phosphorus 
nucleus. In the presence of Ro09-0198, proton resonances of 
the ethanolamine moiety were readily assigned from the spin 
coupling of CH2N and NH3+; HOHAHA cross-peaks were 
observed for the NH3+ proton and four nonequivalent CH,CH2 
protons (dotted line in Figure 3a). The proton resonances of 
the glycerol moiety (nonequivalent C1H2 and C2H and 
equivalent C3H2 protons) were recognized from the HOH- 
AHA cross-peaks for the C20H proton, which was confirmed 
by the DQF-COSY analysis (data not shown). The proton 

quential NOE peaks for the pairs of Gly8 Cap‘ and Pro J CbJ’ are 

Val’ 9 CH3 and glycerol C2H and C3H2 (Vg); HO-Asp15 OH and 
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resonances of the dodecanoyl chain were readily assigned both 
in the absence (by spin decoupling) and in the presence (by 
DQF-COSY) of the peptide (data not shown). 

Intermolecular NOE of Ro09-0198 and (212-LPE. The 
NH3+ protons of C12-LPE show rather strong NOESY 
cross-peaks with the CP proton and the hydroxyl proton of 
HO-AsplS (15e in Figure 3b), indicating formation of an ion 
pair of the ethanolamine moiety of C12-LPE and the car- 
boxylate group of HO-AspI5. These NH3+ protons also show 
cross-peaks with the amide protons of Ala(N)6 and Phe7 (data 
not shown) and the C a  proton of (5e in Figure 3b). 
The two nonequivalent CHzN protons of C 12-LPE also show 
NOESY peaks with the hydroxyl proton of HO-AspIS (De in 
Figure 4b). The two nonequivalent protons of POCH2 of 
C12-LPE show cross-peaks with the two C a  protons of Gly8 
and with the two C6 protons of Pro9 (Ge and Pe, respectively, 
in Figure 4b). As for the glycerol moiety, the C2H and two 
equivalent C3H2 protons show cross-peaks with the lower field 
methyl resonance of Val', (Vg in Figure 4b). The C2H proton 
also shows a cross-peak with the aromatic C2,6H protons of 
PheIo ( log in Figure 3b). The lower field resonance, rather 
than the higher field resonance, of the C 1-methylene group 
of the glycerol moiety shows a cross-peak with the lower field 
resonance of the C6 methylene group of Pro9 of Ro09-0198 
(Pg in Figure 4b). 

As for the dodecanoyl chain, however, even intrachain 
NOESY cross-peaks such as that for the pair of the C a  and 
CP protons were not observed (Figure 4b, the position marked 
by an open five-pointed star), indicating high mobility of the 
acyl chain and the absence of an interaction between the 
dodecanoyl chain of C12-LPE and the peptide. 

DISCUSSION 
The proton chemical shifts of Ro09-0198 in the free state 

and in the LPE-bound state are listed in comparison in Table 
I.  The amino acid residues in this peptide can be readily 
classified into two groups; the proton resonances of the first 
group are significantly shifted upon binding with LPE but not 
those of the second group. 

Central Part [Ala(N)6-HOAsp'S]. The amino acid residues 
of the first group are found in the central part of the sequence 
[Ala(N)6-Phe7-Gly*-Pro9-Phe'o-Abu(S)''-Phe'Z-Val'3-Ala- 
(S)'4-HO-Asp15]. Among them, the significant shifts of the 
side-chain proton resonances of HO-AsplS (+0.51 ppm for 
CPH and +2.48 ppm for 0-H) upon binding with C12-LPE 
are obviously due to an ion pair formation of this side-chain 
group with the ethanolamine group of the lipid. The formation 
of this ion pair is confirmed by observation of NOESY 
cross-peaks for the pair of these groups. Significant shifts of 
proton resonances upon binding with C12-LPE are also found 
for residues Ala(N)6, Phe7, Gly8, Pro9, Phe12, and Val',, which 
suggest direct interactions of these residues with the lipid head 
group. Such interactions are supported by observation of 
NOESY cross-peaks, which further indicates concomitant 
conformational changes. In fact, for the sequence from 
Ala(N)6 to Ala(S)14, a conformation change is clearly found 
from the differences in NOE involving Gly8, Pro9, and ValI3, 
which will be discussed below. 

In  the absence of ClZLPE,  long-range NOE cross-peaks 
are observed for the proton pairs [Gly8 CaH2, Val1, CPH], 
[Gly8 CaH2,  Val', CH, (higher field)], [Pro' C6'H (higher 
field), Valt3 CPH], and [Pro' C6'H, Val13 CH3 (lower field)] 
(GV and PV in Figure 4a), indicating a direct contact of 
Gly8-Pro9 with Val', (Figure sa). In a preliminary molecular 
modeling study, the ring formed by the sequence from 
to Ala(S)I4 and a thioether bridge can be folded about another 
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- GIV*- pros- i r  I 
- Ala6- GI?- pro9--- 

(b) Ly2'- I L---\-\- As$5- " Va I 133- 

OH 

FIGURE 5 :  Intramolecular and intermolecular interactions (schematic) 
(a) in free Ro09-0198 and (b) in the complex of Ro09-0198 and 
CIZLPE. Intramolecular interactions are found for the pair of Gly8 
and Val" and of Prog and ValI3 in the free peptide (a). These 
intramolecular interactions are re laced with intermolecular inter- 

Val"; (ethanolamine) POCH, with Gly* and Pro', CH2N with HO- 
AspIS, and NH3+ with HO-AsplS. The dodecanoyl chain of C12-LPE 
is not involved in the interaction with the peptide. 

bridge, Ala(S)5-Abu(S)1', thus bringing Val', in contact with 
Gly8 and Pro9. This folded structure is probably stabilized 
by formation of interstrand hydrogen bonds such as between 
Gly8 N H  and Val', CO and between Pro9 CO and Phe12 NH. 

By contrast, in the presence of ClZLPE,  NOE cross-peaks 
noted above are all missing and replaced by intermolecular 
NOE peaks for pairs such as of Gly8 CaHz and ethanolamine 
POCH2, of Val', CH3 and glycerol C2H, and of Val13 CH, 
and glycerol C3H2. These results indicate that the glycero- 
phosphoethanolamine moiety of C12-LPE wedges into the 
Ro09-0198 molecule by breaking an intramolecular contact 
between Gly8-Pro9 and Val', (Figure 5b). This is supported 
by all the intermolecular NOE cross-peaks for the pairs of 
peptide protons and lipid protons as described under Inter- 
molecular NOE of Ro09-0198 and C12-LPE. Note that such 
an intermolecular contact and a concomitant conformation 
change can only be elucidated by analyses of NOE cross-peaks 
rather than CD spectra. 

While the protonated ethanolamine moiety of C 12-LPE is 
clearly found to interact with the carboxylate group of HO- 
AspIS, identification of a putative positively charged group that 
interacts with the negatively charged phosphate group of 
C12-LPE is not straightforward. None of the three positively 
charged residues [Ala(S)', ArgZ, and L y ~ ' ~ - N - A l a ~ l  shows a 
large chemical shift change upon binding with C12-LPE. 
However, formation of an ion pair between the secondary 
ammonium group of L ~ S ' ~ - N H ~ + - A I ~ ~  and the phosphate 
group of C12-LPE is suggested by the observation of the 
secondary ammonium proton resonance (not observed in the 
free state), which may be ascribed to a slowed exchange of 
ammonium protons with residual water. In addition, from a 
preliminary molecular modeling study, a positively charged 
group that possibly interacts with the phosphate group of LPE 
is found to be restricted to the secondary ammonium group 
of Lys19-N-Ala6. 

Terminal Parts. The amino acid residues of the second 
group include Ala(S)'-Ala(S)' in the amino terminus and 
Gly16-Lys19 in the carboxyl terminus. The proton resonances 
of these residues are not shifted significantly upon binding with 
C 12-LPE, and intermolecular NOESY cross-peaks are not 
observed either. However, these residues in the amino and 
carboxyl termini are presumably involved in stabilization of 
the active conformation of Ro09-0198. 

Conformation and Action of Lipid-Bound Peptides. In a 
series of conformation studies on the phospholipids interaction 
of a-mating factor, luteinizing hormone releasing hormone, 
and analogue peptides, we found that the physiological ac- 

actions: (glycerol) ClH, with Pro B , C2H with Val", and C3H2 with 
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tivities of these peptides are related to the conformation in the 
membrane-bound state rather than to the conformation in the 
free state (Higashijima et al., 1983, 1988; Wakamatsu et al., 
1983, 1986a,b,c, 1987; Tanaka et al., 1986). On the other 
hand, a hydrophobic labeling study on adrenocorticotropic 
hormone and analogue peptides indicated that the biological 
activities of those peptides are related to the affinity to 
phospholipid membrane (Gysin & Schwyzer, 1983). Probably, 
physiologically active peptides from aqueous media are trapped 
by the membrane lipids, take some ordered conformation, and 
then move within the membrane finally to bind with their 
specific receptors. Such schemes have been postulated for the 
function of physiologically active peptides (Epand, 1983; Gysin 
& Schwyzer, 1983; Higashijima et al., 1983; Deber & Beh- 
nam, 1984; Kaiser & K&zdy, 1987; Schwyzer, 1987; Hi- 
gashijima et al., 1988). 

The peptide antibiotic Ro09-0198 possibly binds with a 
receptor in a similar way. Note that the amount of the specific 
receptor phosphatidylethanolamine is rather limited in the 
outer leaflet of the cell membrane (Rothman & Lenard, 1977; 
Venien & Le Grimellec, 1988). Nevertheless, Ro09-0198 has 
a slight affinity for phosphatidylcholine (data not shown), the 
most abundant phospholipid in the outer leaflet of the cell 
membrane. Such binding, if weak, with phosphatidylcholine 
will facilitate the specific binding of this peptide with phos- 
phatidylethanolamine through concentration of the peptide 
around the membrane. 

Interaction of Ro09-0198 with Phospholipid Membrane. 
Even with a small molecular size, Ro09-0198 has been found 
to strictly recognize phosphatidylethanolamine (Choung et al., 
1988a,b). In fact in the present study, a specific multisite 
binding of Ro09-0198 with the glycerophosphoethanolamine 
moiety was elucidated; Gly8, Prog, ValI3, and HO-AspI5 are 
in contact with CH2CH2 of the ethanolamine moiety and with 
CH2CHCH2 of the glycerol moiety (Figure 5). The y-car- 
boxylate group of HO-AsplS and the secondary ammonium 
group of lysinoalanine- 19/6 are in contact with the postively 
charged amino group and the negatively charged phosphate 
group of the phosphoethanolamine moiety. Specific binding 
to the membrane phospholipid facilitates activities of the 
peptide such as hemolysis or permeability enhancement 
through the membrane. Ro09-0198 is an elaborately designed 
peptide with not only cognitive but also “active” membrane- 
damaging functions. Compare the molecular weight of this 
peptide (2000) with that of immunoglobulin G (1.5 X los). 
Thus, the interaction of this antibiotic peptide with (1yso)- 
phosphatidylethanolamine will provide a suitable model for 
analyzing intermolecular recognition and for designing an 
artificial “minienzyme”. 
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