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Syringopeptin 25-A is a phytotoxic amphiphilic lipodepsipeptide containing 25 amino acid residues, 
produced by some isolates of the plant pathogenic bacterium Psrudomonas syringrir pv. syringnr. Previ- 
ous papers have reported its covalent structure and some of its biological properties. Attention has now 
been directed to define its conformation in solution, ii structural feature regarded as important for undcr- 
standing its possible role in the bacterial coloniLation of host planis, and its toxic action on the plant cell. 

Here we report the stereochemistry of its amino acid components, the complete interpretation of the 
two-dimensional NMR spectra and NOE data, and finally the slructure obtained by computer simulations 
applying distance geometry and molecular dynamics procedures. 

The conformation of syringopeptin 25-A in aqueous solution includes three different structuriil regions 
interrupted by rigid 2.3-dehydro-2-aminobutyric acid residues: a loop from residue 2 to 6, a helicoidal 
zone from 8 to 15, and the lactone ring from 18 to 25. Thc three-ditnensional structurc of the lactone 
moiety is very similar to that of two previously studied hioactive lipodepsinonapeptides. Preli tniiiary 
circular dichroism evidence of conforrnational variations in solution of trifluoroethanol, which simulates 
a membrane-like environment, are also reported. 
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Syringopeptins are a small group of compounds recently 
identi ficd among the phytotoxic metabolites of  Yseudmtonas 
syringue pv. syriplgue (Ballio et al., 1992). These compounds 
belong to the class of lipodepsipeptides with a marked amphi- 
philic character and constituted from a long fatty acid chain, a 
peptide moiety with mixed chirality and a ring with a lactonic 
closure. The chemical structure of one of this class of com- 
pounds was elucidated first in 1985 (Aydin et al., 1985) 

Two strains known to produce the lipodepsinonapeptide sy- 
ringomycin synthesize syringopeptin 25-A and 25-B (Fig. 1 ), 
which have an  identical peptide moiety composed of 25 amino 
acid residucs, and differ from eiich other in the acyl substituent 
at the terminal amino group, corresponding to 3-hydroxydeca- 
noic acid in 25-A and to 3-hydroxydodecanoic acid in 25-B. A 
third syringomycin-producing strain and a syringotoxin-produc- 
ing strain synthesize syringopeptins 22-A and 22-B (Fig. 1 ) ;  
both have an identical peptide moiety with 22 amino acid resi- 
dues, while the acyl moiety on the N-terminus corresponds to 
3-hydroxydecanoate in 22-A and to 3-hydroxydodecanoate in 
22-B. Shortly before the isolation of syringopeptins, two 
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lipodepsipeptides containing 18 amino acid residucs and ii 3- 
hydroxyoctanoyl group, called tolaasin T and IT, were puriGcd 
from culture filtrates of Pseudomonns tohcrsi rind their structures 
elucidated (Nutkins et al., 1991 ). ‘Tolaasins are the deterrninants 
of brown blotch disease symptoms caused by P toluri  in the 
com tnerc i 31 1 y im poxtant mushroom A ga ricins b i s p  r i ~ s  I They di s I 
rupt cellular and subcellular membranes (Raincy et al., ‘l991), a 
property shared by syringopeptins 1Di Giorgio et al., 1994), and 
attributable for both groups of cornpounds lo their amphiphilic 
character. It has bcen suggcsted that tolaasins form voltage-gated 
cation-selective ion channels in planar lipid bilayers, ii property 
arising from peculiar structural features. Tolaasin I, and probably 
also tolaasin IT, show an amphiphilic left-handed rx-helix region 
in solution (Mortishire-Smith el d . ,  1991 a) which, besides addi- 
tional molecular charactcristics, makes it similar to some well 
studied mcmbranc-active natural peptirlcs. 

After having clucidatcd the chiralily of amino acid residues 
and completely assigncd the two-dimensional NMK spectra of 
syringopeptin %A, iin extensive collection of NOE data was 
obtained. The present paper describes the solution conformation 
determined by distance geometry (DG) computa~ion and molec- 
ular dynamics (MD) simulations obtained with the NOE con- 
straints. 

MATERIALS AND METHODS 
Syringopuptins. These were prepared and purified as pre- 

viously reported (Ballio et al., 1991). 



SP2sA n=6 SP25B n=8 

SP22A n=6 SP22U n=8 

Fig. 1. Primary structures of syringopeptins 2S-A, 25-8, 22-A and 
22% Common regions have been doubly underlined. 

Chirality determination of the amino acid residues of sy- 
ringopeptins. Partial acid hydrolysis was performed with 
hO mM HC1 at 110°C for 1-5  h. The resulting peptides were 
fractionated by reverse-phase (RP) HPLC on an Aquapore 
RP300 column (7.0X250 niin, 7 kin, Applied Biosystcms) 
eluted with a linear gradient of 0.1 7o trifluoroacetic acid in acc- 
tonitrile/2-prop~inol (4: 1, by vol.) to 0.2 % trifluoroacetic acid, 
flow rate 1.6 ml/min. Selccted fractions were purificd further 
on an Aquapore RP300 column (4.6X250 mm, 7 pm, Applied 
Biosystems) eluted with the same solvents and an appropri:ite 
gradient at a flow rate of 0.8 ml/min. Peplide scquenccs were 
determined by uutomated Edman degradation using an Applied 
Biosystems model 476A protein sequencer. The presence of 2,3- 
deIiydro-2-aminobiilyric acid residues was determined according 
to Scaloni et al. (1994). Chiral analyses of individual amino 
acids and N-terminal residues were performcd as previously de- 
scribed (Marfey, 1984; Scaloni ct al., 1991). 

CD spectroscopy. CD spectra werc obtained using a Jasco 
J 500A spectropolarimeter, equipped with a DP 520 processor, 
at a 0.125 mM peptide concentration, pH 7, 2 5 ° C  in a 0.1-ctn 
pathlength cell. 

NMR spectroscopy. Samples for NMR studies were prc- 
pared by dissolving about 1 ing lyophilized sample in 0.5 in1 of 
either DrO or HZO/D,O (9: 1 ,  by vol.). NMR spectra of syringo- 
peptin 25-A in diluted HCI, pH 3.6, were run at 25°C con ii 
Bruker AM 400 instrument, operating at 400.13 MHz. 

Two-dimensional NMR experiments were performed in the 
phase-sensitive inode with the time-proportional phase in-  
crement phase cycle (Marion and Wiithrich, 19x3) typically 
using 2 K of memory for 512 increments. The nurnbcr of scans 
were optimized in ordcr to obtain a satisfactory signahoise 
ratio. 

Correlation experiments wcre peribrmcd with total corrcla- 
tion experiments (TOCSY), where the spinlock composite pulse 
sequence has been insertcd (Levitt et al., 1982; Braunschweiler 
and Ernst, 1983) with a typical mixing time of either 16 or 80 
111s in  order to observe either direct or dirmt and remote connec- 
tivities. 

NOE dipolar correlated two-dirnensional spectra wcre ob- 
tained using the NOESY pulsc sequcnce (Jeener et al., 1979). 
The mixing time for the  magnctixation exchange ~-angcd ovcr 
100-300 ms. 

Data wcre processcd on a rnicroVax I I  with the TRITON 
two-dimensional NMR software produced by Boelens and Vuis- 
ter in  1990 in Urrecht (courtesy of Professor K. Kaptein). Free 
induction decays wcre weighted by a sinebell appodization func- 
tion shifted typically rc/3 i n  both dimensions. 

In all homonuclear two-dimensional experiments, a matrix 
1024X'I 024 in the phase-sensitive mode was thus obtained with 
i j  digital resolution of ahoul 5 Hz/point. A baseline correction 
was made in both dimensions using a polynomial fit routine 
present in the s u m  program. 

Computer simulations. The search for the structure that ac- 
counts for the experimental NOEs was performed combining 
distance geometry (DG) and molecular dynamics (MD). 

Distitnrc gcomcfr,v. This WBS performed using the DGEOM 
program of Rlancy, Crippen, nearing and Scott Dixon, licensed 
in 1990 from QCPE and based on the EMBED algorithm (Crip- 
pen, '1983). For the DG calculation the NOE intensity was con- 
verted into disrance inlormation according to Williamson cl a]. 
(1985): the interresidue NOES were uniformly converted in to  an 
upper bound iit 0.4 nni distance; the intraresidue NOEs were 
classified as strong, mediulidstrong, medium, medium/weak and 
weak and translated into upper bounds of 0.2.5, 0.30, 0.35, 0.38 
and 0.40 nin, respectively. All the experimental NOEs were used 
except those sequential between C//Hi and NH(i+ 1 ), since the 
absence of stereospecific assignments made them uninformative 
(Wiithrich et al., 19x3). 

For coordinate optimixation a tnaxiinutn violation of 
0.1 0 nim for distances and 0.5 X 1 O--' nm' for chiral volumes 
were imposed. 

C'lustor anrr/,ysis. We adopted a statistical clustering tech- 
nique in ordcr to identify recurring conformations within the 
large number of structures in an automated manner (Manctti et 
al., 1995). The purpose of cluster analysis is to place structures 
into groups or clusters suggested by the data, not defincd a pri- 
ori, such that structures in a given cluster tend to be similar to 
each other, and structures in different clusters tend to he dissimi- 
lar. A set of points, called cluster seeds, was selected as a first 
guess of thc ineans o f  the cluster. Each structurc was assigned 
to the nciirest seed to form a tmporary cluster. The seeds were 
then replaced by the means of the temporary clusters, and the 
process was repeated until no further changes occurred in the 
clustcr. 

In  order not lo superimpose with a hierarchical structure the 
data field, we decided to adopt an agglomerative non-hierarchi- 
cal method of clustering (k-means) (Hartigan, 1975 ; MacQuecn, 
1967). This algorithm was applied considering the distance ma- 
trix between ;ill pairs of spatial S V U C ~ L I ~ ~ S  as il unit-variable ma- 
trix (Sneath, 19x3). As a consequence, the distance values actu- 
ally used by the algorithm are more correctly interpreted as scc- 
ondiiry distances ; this approach has been demonstrated in inany 
fields of application (Benigni and Giuliani, 1993 ; Shepard, 
10x0) to be very useful to  single out the patterns embedded in 
ii data field. 

The maximum number of clusters was chosen as constraint, 
since we suppose that [his choice is much softer than the radius 
of clustcrs (Karpen et at., 1993). Many attempts of dissection 
were performed, with a different maximum number of clusters, 
and the actual dissection was performed using the K2 critcriurn. 
I n  fact K' is a good measure of how much of the variation in 
the data is explained by the model (Bliss, 1067). I t  is worth 
noting that the actual value of R' is extremely sensitive to the 
nuinher of clusters. RZ values are directly comparable with the 
curves of riiaxiilturn root-mean-sqiiart deviation (RMSD) as a 
function of the target function cut-off values (Widmer ct al., 
1993). In this case, the trend of the K' values as a function of 



'l'able 1 .  Amino acid and N-terminal rcsidue chiral analyses of the syringopcptin 25-A. 1i.d. = not delei-mined. 

Fragment Xaa 1 u-Pro n-Scr n-Ala L - A ~  n-Vd L - V ~  r)-Albu ~,-A,bu \,-'i'yi- u-aThr U-LCU 

A 0.5 ( 1 )  0.9 (1) 6.9 (7) 2.0 (2) 2.3 ( 3 )  1.7 (2)  0.2 (1) 0.7 ( ' I )  0.1 ( 1 )  0.0 ( 1 )  0.9 (1)  
H 0.5 (1) 0.9 (1) 6.9 (7) 2.0 (2) 2.3 (3) 1.7 (2) 0.2 (1) 0.7 ( 1 )  0.1 ( I )  0.0 ( 1 )  0.9 ( 1 )  
c: u-Pro 0.4 (1 j 3.0 (3) 0.9 ( 1  ) 0.8 ( I )  0.8 ( I  ) 0.4 ( 1 )  
L) r)-Pro 0.9 ( 1  ) 1.0 ( 1 )  1.1 ( 1 )  
c n-Pro 0.9 (1) .I.0 ( I )  

G D - I , ~ u  1.0 (I)  0.7 (1) 
H u-Ala 0.7 ( 1 )  4.7 ( 5 )  1.0 ( I )  1.6 (2)  1.0 ( ' I )  0.4 ( ' I )  0.5 ( 1 )  1.0 ( I )  

F n-Ala 1i.d. 

I u-Ala 0.4 (1) 5.0 ( 5 )  0.7 ( I )  1.7 (1) 0.9 ( ' I )  0.4 ( ' I )  0.2 ( 1 )  0:I ( 1 )  0.8 ( 1 )  
1 r>- Aln 0.4 ( I )  2.0 (2 )  0.7 ( 1 )  0.8 ( 1 )  0.3 ( . l )  0.6 ( 1 )  0.2 (1 )  0.7 (1 )  
K r.-A,bu n.d. 

the number of classes, and the observation of the slructural dif- 
ferences between the classes, drove the dissection. 

Molrridur dynamics simulutiori. Molecular dynamics calcu- 
1iitii)iis in vlzcuo were performed with programs from the Grw 
ni ngen rncilccular simulation (CROMOS) software packagc (van 
Gunsleren and Berendsen, 1987). Thc applied empirical poten- 
tial encrgy function contains terms representing bond angle 
bending, harmonic dihedral angle bending (out-of-plane, out-of- 
tetrahedral configuration), sinusoidal, dihedral torsion, van der 
Wrials and electrostatic interactions (Aqvist el at., 1985). For the 
sinusoidal dihedral torsion around -Cu-CO- of 2,3-dchydro-2- 
arninobulyric acid, that has a partial double bond character, :in 
encrgy barrier of 23.0 kJ + inol-' was chosen. A dielectric per- 
mittivity, c = 1, was used and the cut-off radius of 0.8 nin for the 
nonbonded interactions was chosen. An attractive half-harmonic 
restraining potential was applied to force the molecule to sutisfy 
selected NOE distances (Kapicin et al., 1985): 

V,jK(dki) = 112 k,,L,dAi - LIE)?  if &a& 
V,,,(L&,) = 0 if dL,<& 

where d,,  is the actual distance between aloms k and I, (12 i s  the 
rcference distance and k,,, is the force constant equal to 5000 kJ 
* mol-' ' 11111 2 .  

In  order to translate the NOE information into distance 
ranges, d& an upper limit of 0.30, 0.35, 0.40, 0.45 and 0.50 ntn 
for strong. medium/strong, medium. inediurdweak and weak 
NOES, respectively, was chosen (Kaptein et al., 1988). For the 
evaluatioii of th is potential all protons were treated explicitly. 
For all other terms only protons attached to nitrogen or oxygen 
atonis were treated explicitly. 

A bond stretching term was not included in thc calculation; 
the SHAKE (Ryckaert et al., 1977) algorithm was used to con- 
strain bond lengths. Several simulated annealing procedures 
were performed. Thc initial conformation of each MD simula- 
tion was obtained by the DG calculations. Each simulation 
started with initial velocities obtainrd froiii a Maxwellian distri- 
bution at the desired temperiiture. Thc rescaling of the temper- 
ature during the run was obtained by coupling with an external 
bath (Bercndscn t't a]., 19x4). A time step of 2 fs was used in 
the s i iiiu lation, 

A first IS-ps sirnulation at T = 1000 K was performed with 
inclusion of the restraining potcntials that accounted for the ex- 
perimental NOES. To avoid the cis-truns peptide isonierization 
at this temperature (Bruccoleri and Karplus, 1990) a dihedral 
angle restraining potential was included in the force field; this 
was sufficient to maintain the trarls conformation of the peptide 
bond. Analugous restraining potentials were included for the x, 
angles of thc 2,3-dehydro-2-arninobittyric acid residues. A simii- 
laled annealing (,Kirkpatrick et at., 1983) procedure was the11 

performed and the system reached the fi nil1 tempcraturr T = 
300 K in 60 ps time. Finally, the systerrl was equilibrated at 
300 K fo r  100 ps. The last SO ps were used for analysis. The 
simulation at. T = 300 K was perforined without the torsion an- 
g 1 c.s 1-5 s t rai 11 i ti g potential s , 

HESU1,TTS 

Chirality detcrminatiun of the amino acid residues of syrin- 
gopeptins 22-A and 2 5 4 .  Partiul acid hydrolysis of both 
lipodepsipeptides yielded a mixturc of peptidcs which was frac- 
tionatcd by RP-HPLC. Purified peptides were scquenced by Ed- 
tnan depradat.ion according to Scaloni ct al. ( ' I  994) and the ste- 
reochcmistry of their amino acid residues was detcrtuined by 
chiwl analysis according to Marley (1984) atid to Scaloni ct al. 
( 1  991 ) for individual arnino acids und foi- N-tcrniinal residues, 
respectively. Thc results for %A, sutntnnrizeil i n  'l'iihles 1 and 
2, identify the, ste,reocheniistry of all residues with the exception 
of thc alternat.ive assignmenl of n-Ala and r.-Ala to position I 0  
and 22; preference for ri-Ala in position 20 and ~ . -Ala  i n  position 
22 was rriotivirted by the unambiguous ussignment of these rcsi- 
dues i n  the homologous lipodepsipeptide 22-A. Ttie conipletc 
stereocheinist.ry of the amino acid residues of this second syrin- 
gopeptin was deduced from the rcsults suinrnarized i n  Tiibles 3 
and 4. One step of chiral Cdman degradation was necessary to 
ilscertain the configuration oi  Vd3. 

NMR spectroscopy. The two-dimensional NMK speclra a1- 
lowed the individual assignment of all residues and the acquisi- 
tion o f  rhr information necessary Lor lhc rlucitlation of the 
amino acid sequence and for the determination of thc confonna- 
tion in solution. The experiments were. pcrfoi-nieci both i n  D,O 
end in H,O/D,O ((I : 1 by vol.) .  The cornplete :issigntncnt of thc 
1-csoiiaticcs was achieved by the TOCSY spectrum which iden- 
tified dl the spin systems of Ihc residurs. Piirticularly, the four 
rcsonaticcs present in the dcfinic iqiori, showing quarlets 
1 : 3 : 3 : 1 ,  were straightforwardly assigncd to thc protons of' the 
four CH groups of 2,3-dehydro-7,-atriiii~~hi~~yric acid moiety 
(Ballio ct al., 1991 ). Ttie assignmctit. of the tyriisinc nromntic 
protons war; alsc) straightforward, 

In thc aliphal.ic region the igntrients resulted fro111 h e ,  di- 
rect and remote scalar connecii ies in TOCSY experiinen(.s and 
from h e  chernical shilt values rcported in thc litcrat urc (Gross 
and Kalbitzer, 1988). As an exarnple, the characteristic rcmote 
conncctivities due to the alk-threoninc (a'rhr) re,sidue i n  the 
TOCSY spectrurn were observed with strong coupling of reso- 
nances ol' (1 and /j protons, having cross-peuks with protons of 
the inethyl group. The fingcrprint region of the TOCSY 
spectrum in H,O/D,,O (9: 1 ,  by vol.) solulion indicuted the direct 



750 Hallio et al. ( E m  J Bior hen .  2.34) 

-SO 
200 220 24U 

Wavelength (nm) 

Fig. 2. CU spectra in the far-ultraviolet region of syringopeptin 25- 
A in aqueous solution (-) and in 2,2.2-trifluoroethanoVH,O (4: I ,  
by VOL) (---). 

connectivity between the resonances of NH and those of CoH 
protons of the backbone (spectrum not shown). 

The NOESY spectrum showed the cross-peaks due to NH/ 
CnH dipolar connectivities. Thus the amino acid sequence, with 
the obvious exception of the 2,3-dehydro-2-aminobutyric acid 
residues which do not contain CaH protons, was established and 
found coincident with that derived from mass spectrometry data 
(Ballio et al., 1991). The complete assignment was also obtained 
in the region of the cross-peaks between the NH and both /I' 
and y resonances; these results also fully confirmed previous 
assignments and gave a further indication of through-space prox- 
imities. Table 5 reports the assignment of all resonances present 
in the NMR spectrum. 

Several NOE cross-peaks were also observed among reso- 
nances that can lead to the determination of the solution struc- 
ture of syringopeptin 25-A. All NOE cross-peaks indicating the 
through-space proximity observed are summarized in Tables 6 
and 7 (short-range and long-range NOEs, respectively) together 
with an estimate of their relative intensity. The observed NOEs 
are not homogeneously distributed along the peptide chain, sev- 
eral proton-proton proximities being grouped i n  particular re- 
gions of the chain. From these data it appears that parts of the 
molecule are interleaved with more mobile portions. In fact in 
the structured regions the persistency of suitable interproton dis- 
tiances gives rise to intense NOEs, whilst in  the flexible ones the 
specificity of the dipole-dipole interactions is cancelled. In- 
deed, the presence of a family of allowed conformers enables 
the transferred magnetization to be distributed over a continuous 
of dipolar interactions with loss of intensity and specificity. 

Circular dichroic spectra. The CD spectrum of syringopeptin 
25-A in water does not contain readily identifiable elements of 
secondary structure (Fig. 2) .  This result can be easily explained 
in the light of the NMR results. In fact, the lack of :t regular 
secondary structure and uniform chirality makes the usual inter- 
pretation of the CD profile unreliable. It  is worth noting that 
inixed screwing sense and different amino acid chiralites give 
internal compensation of rotational powers. Thus a simple inter- 
pretation of the CD spectral profiles on the basis of the four 
possible secondary structures like u-helix, D-sheet, /I-turn and 
random coil (Chang et al., 1978) is not appliable. CD in 2,2,2- 
trifluomcthanol/H,O (4: 1, by vol.) gives the spectrum shown in 
Fig. 2, with maxima at 196 rim, 209 nm and 230 nm. In a mem- 
brane-like environment, tolaasin, the lipodepsipeptide from P. 
lolaasii, has a region of left-handed a-helix probably formed by 
the sequence of seven hydrophobic &amino acids (Mortishire- 
Smith et al., 1993 a, b). The spectrum of syringopeptin 25-A in 
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Table 3. Amino acid and N-terminal residue chiral analyses of syringopeptin 12-A. n d . ,  not determined. 

Fragment Xaa 1 [)-Pro n-Scr n-Ala L - A ~  u-Val I -Val n-A,bu L-A2bu L-l 'yr i.)-aThr 

A 0.6 ( 1 )  0.5 ( 1 )  4.9 ( 5 )  2.0 ( 2 )  2.9 (4) 0.9 (1) 0.1 (1) 0.4 (1) 0.2 ( I )  1.0 ( 1 )  
H 0 . 8  (1) 0.6 (1) 5.0 ( 5 )  2.1 (2) 3.5 (4) 1.0 (1)  0.2 ( 1 ) 0.0 (1  ) 
C o-Pro 0.8 (1) 3.0 (1) 2.7 (3) 0.8 ( I )  

n.d. 0.8 ( I ) 0.7 (1) 1.0 ( I )  0.8 ( I )  
E o-Ala 0.9 (1) 4.3 (4) 2.0 ( 2 )  1.4 (3) 0.6 (1 ) 0.9 ( I )  
P o-Ala 0.2 (1) 3.03 (3) 1.0 (1) 2.6 (3) 0.3 ( 3 )  

H n-Val 0.7 (1)  2.1 (2) 2.0 (2) 0.9 ( I )  0.3 f 1 )  1 .o t i )  
I n-Ala 0.5 (1) 1.7 (2) 1.0 ( 1 )  1.1 (1) 0.4 (1 )  0 .1  ( 1 )  1.0 (1) 
J P A l a  0.7 (1) 2.0 ( 2 )  0.8 ( I )  0.2 (1) 0.6 (1) 1.1 ( I )  
K u-Scr 0.2 (1) 1.0 (1) 0.8 ( I )  0.1 ( 1 )  0.2 (1) 0.1 ( 1 )  
L u-Ser 0.3 (1)  1.1) ( 1 )  0.6 ( I )  0.5 ( 1 )  
M u-Ala  0.7 ( 1 )  1.0 ( I )  0.2 ( I )  
N L - A ~  1 .o (1 ) 0.9 ( I )  0.4 ( I )  0.1 (1) 
0 L-ALhu 0.2 ( 1 )  1.0 (I) 0.1 (1) 

D 

G D-Val n.d. 

P D-Pro chiral degradation 1 s t  step: u-Va1 

\/' I 

I Ila 

Fig. 3. Three-dimensional structure of classes I and 1Ia obtained for 
syringopeptin 25-A by DG calculations from NMR data as reported 
in Materials and Methods. 

aqueous solution, simulated by a linear combination of four ba- 
sis spectra (cr-helix, /3-shect, random coil and /%turn) according 
to the method of Chang et al. (197X), showed the presence of a 
contribution from a-helical forms. For thc spectrum in 2,2,2- 
trifluoroethanol/H,O ( 3 :  1 ,  by vol.), the amount of left-handed 
a-helix was calculated to be I S %  and ofb-turn 11 %. Previous 
studies reported a high content of /%turns associated with the 
presence of dehydroamino acids in  the primary structure of poly- 
peptides (Pietrzynski et al., 1992). 

Computer simulations. The experimental results presented 
above allowed an approach to the conformation of syringopeptin 
25-A in solution by computer simulations applying both DG and 
MD procedures. 

Distance geometry and cluster analysis. DG computation 
was performed choosing a fully extended and open chain as 
starting conformation. The ring closure was imposed using ap- 
propriate angle and bond restraints. The 70 structures thus gener- 
ated had diffcrent degrees of agreement with the experimental 
data. The structures could be grouped into two classes by cluster 
analysis. 

For this partition the root-mean-square distance (RMSD) be- 
tween observations within each class was 0.043 nm and 
0.052 nm, respectively, and the distance between the centroids 

3.248 ntn. The center of each class was defined as the structure 
nearest to the centroid (means) of the class, with the lowcst over- 
all RMSD with respect to other structures of the satiie class. The 
ccnters of the two classes werc analyzed with graphic analysis 
and appeared to be nearly a pseudotnirror image of each other, 
although thc correct chirality was entirely inantnined on each of 
the scveral chiral centers of the molecule. Particularly, it was 
observed that within class 1 (24 structures) only the [runs ro- 
tamer was produced for the lactonic ring closure torsion angle, 
whilst in class LI both cis (20 structures) and t r m s  (26 struc- 
tures) rotamets were present (classes TIa and IIb, respectively). 
The structures of trans rotamers in both classes did not com- 
pletely satisfy the itnposed constraints within the limil of the 
allowed tolerance. Some deviation froin tolerance was also oh- 
served in a limited region of the molecular moiety in close prox- 
imity to thc lactone closure, thus indicating thal the lactone link- 
age undcrgocs a slight distortion from pliinarity. The structiires 
of classes 1 and IIa are reported in Fig. 3. The following discus- 
sion will show that class TIb, although close lo class Ih, has the 
lowest rcliability. For this reason it is not included in the rigurc. 

Moletulur dynamics xirnu1utin~i.s. MD sitnulations were per- 
formed starting from the center of  each of the three classes ob- 
tained by the DG calculations, taken a s  thc most rcpreseniative 
conformer of the class. 

After sirnulated annealing, class I showed a transition of the 
lactone torsion anglc into cis rotamer and three violations 
>O. i  nm. Class 11 still showed a lacione lorsion angle in both 
cis and frwis rotarncrs (classcs Ilii and IIb, respectively) with six 
violations >0.1 nin for the c i s  rotanltx and eight for the trans 
rotatner, as reported in Table 8. This shows that the violations 
of class IIb arc localized around the lactone ring closure and 
indicate that the tram torsion angle has ii scarcely compatiblc 
value. 

In order to select a solution conformalion, another parameter, 
not included as a restraint in thc simulation, has been takcn into 
nccoutit, namely the '.I coupling constant (about 9 Hz) involving 
the H-Cu-CP-H bonds of the aThrl8 rcsidue. This J viilue cor- 
responds to n tmrzs conformation with a torsion anglc value of 
about lXC)", typical of cis rotamcrs of thc lactone dihedral angle. 
The average values of this angle in the MD simulations were 
177" (RMS tluctation 7 9 ,  197' (RMS I'luclation 7") and -93" 
(KMS tluctuation 7") for class I ,  Ila and IIb, respectively. 

The averagc potential energy of each cli~ss in the MD simu- 
lation was 127 ? 28, 256 f 26 and 244 t- 28 kJ . rnol-l for classes 
I, Ila and Tlb, respectively. Thus, class 1 reprcsents a morc likcly 
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Fig. 4. Three-dimensional structures of syringopeptin 2 5 4  obtained 
from MD refinement following the procedure reported in Materials 
and Methods starting from the structure of class I reported in Fig. 3. 
Thc RMSD of the reported structurc WBS 0.062 tun on the hackbone and 
0.104 nm for all thc heavy atoms. 

Fig. 5. Superposition of the conformations obtained every 5 ps dur- 
ing the last SU ps of MD runs for the structural regions 2-6, 8-15 
and 18-25, The RMSD of the family of structures ranged over 0.041 .- 
0.086 tiin for the backbone atoms. 

struclurc than class 11, because of the lower number of viola- 
tions, the lower potential encgy and the better agreement with 
thc experimental 'J coupling constants. 

Thc conformation thus obtaincd for syringopeptin 25-A is 
reported i n  Fig. 4. I n  Fig. 5 the superposition of the conforma- 
tions obtaitied every S ps of the last SO ps of MD simulations 
[or the structiiral elements 2-6, 8--1S and 18-25 is reported 
in ordcr to show the spatial distribution of confortners during 
(lie simulation. 

Conformation of syringopeptin 25-A in solution. The tiiain 
structural characteristic of' thc molecule, reported in Fig. 4, is the 
presence of threc structural regions that corrcspcmd to a large 
number 01 experirnental NOE contacts. These three regions are: 
Lhe loop including residues from Pro2 to Va16; a helicoidal ~otie, 



Table 5. Assignments of resonance? of 'H and "C NMH spectrum of cyringopeptin 25-A. SpeLtr'i wcre obtLirncd a \  iepottcd 111 M k r r d s  Lind 
Method4 Vdlues are medsured lrotn tetrdrnethylsil"~e 

Faity u d  Atom Chemical \hit t  of 
- - - p p - p - -  ~~~ 

c'2 c 3  c 4  C5 C6-C7 C8 C9 c10 

PPm 
- ~-~ - ~ ~-~ ~ ~ ~~ 

'H 2 57, 2 52 4 10 152,  1 5 5  1 28,  140 1 2  1 2  125 0 84 
I T 43 x 695 772 25 8 29 5 32 2 23 2 14 5 

Atnioo acid Atom Chemical shift of 
~ - ~ ~ ~ ~ ~ ~ 

N H  Cn C/X/Y CYJJ' C'h,,)' 

PP" 

Dhhl 

Pro2 

Val3 

A h 4  

Ah5 

Valh 

Leu7 

AlaX 

Ah9 

DhblO 

Val1 1 

Dhh12 

Ah1 7 

Val14 

Ah15 

Ah16 

Dhbl7 

Thrl X 

Ser 1 Y 

Ah20 

Val21 

'H 
' 'C 

'H 
I .'C, 

'H 
I 'C 

'H 
"C 
'H 
' 'C 

'H 
"C 

'H 
' 'C 

'H 
IT 
'H 
I "c 
'11 
1 'C 

'H 
' 'C 

IH 
"C 

'H 
I>(; 

'H  
I 'C 

'H  
"C 

' € I  
' 'C 
'H 
I.<{: 

IH 
' 'C 
'H 
1 'C 

'H  
I 'C 

'H  
I 'C 

9.60 

- 

7.96 

8.1 2 

8.0s 

7.94 

8.40 

8.25 

8.16 

9.27 

7.70 

9.50 

7.79 

8.15 

8.S3 

8.27 

3.35 

7.99 

7.80 

8.32 

8.25 

-~ 
- 

4,20 

4.06 

4.25 

62.0 

61 .0 

51 .0 

4.3 1 
51 .0 

61 .o 

53.5 

51.0 

50.8 

4.06 

4.28 

4.30 

4.30 

- 

4.12 
60.5 
- 

4 31 
51,O 

4.06 
61 .o 

3 98 
51.0 
4.3 I 

50.n 
- 

- 

4.56 
58.5 

4.51 
56.0 

4.31 
50.8 

4.00 
61.5 

-. ~ ~ 

5.94 
127.0 

7.38 
R I  .c) 

2.09 
31.0 

1.38 
17-18 

1.3x 
18.0 

31 .o 

40.5 

18.0 

2.09 

I .66 

1 . 1 1  

1-49 

6.78 
1 :36.5 

2.1 I 
31 .I) 

6.70 
135.5 

17.0 

3 I .o 

18.0 

17.3 

1.38 

2.09 

1.40 

I .49 

h.83 

5.lh 

3.84, 3.96 

1.49 

2.09 

17.3 

138.0 

71.8 

(13.0 

17.3 

31.0 

~~~~~ 

I .7n 
11.0 

1 89, 1.98 3 65 
26.0 51 0 
0.93 

19.0 

0.93 

1.59 

19.0 

- 

1.70 
14.0 

19.7 

13.0 

1.03 

t .78 

034 
19.0 

I .79 

1.21 

14.0 

17.7 

0.97 
19.0 

0.83. 0.02 
21 5 .  23.5 
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Table 5. (continued). 

Amino acid Atom Chemical bhift of 
-________-  __ - ~ _ _ _ _ _  ___ ~ - .  

NH C (1 CP# CYJ" C6,S 

ppm 
__ __ __ ___ - __ -_ ___ ___ __ ___ ~. __ 

Ah22 'H 8.91 4.13 1.45 
1 'C 51.8 15.6 

'C 53.7 28.0 38.0 

' 'C 52 9 30 0 38.0 

'JC 55.5 36.2 o = 131.5 m = 116.5 

A,bu23 'H 8.22 4.1 7 2.35, 2.31 3 07 

A,bu24 'H 7.88 4.35 2 06, 2.11 3 05 

Q r 2 5  'H 8.18 4.71 2.92, 3.01 o = 7.11 n7 = 6 86 

Scheme 1. Secondary structure elements found for syringopeptin 25-A as determined by NMH, DG and MD methods. The conformation 
symbols are detined in the text. 

Inv p turn Helicoidal left handed 
-_I__- 

Inv y turn y turn 

Fatty acid-Dhb -DPro-DVal-i.Ala - DALI -~.Val - nLeu - nAla- n Ala - Dhb -nV.,ll- Ilhb -[)Ah- DVal - ~ A l a -  uAla- Dhb- uaThr - DSer- 
__- 

1 2 3 4 5 h 7 8 9 10 11 12 13 14 15 16 17 18 19 

Inv y turn 

uAla- r,Val- ~ A l a -  LDab-r)Dab -1TyrCOO -, - - - 
_c__I 

20 21 22 23 

close to a left-handed a-helix, including residues from Ala8 to 
Ala15; the ring including residues from aThrl8 to Tyr2S. 

The fatty chain of the molecule is not involved i n  any of the 
structured regions. It is almost tlexible, despite the presence of 
a persistent (74% of occurrence in  the MD simulation) H-bond 
between the OH of the fatty chain and the NH of Dhbl. This is 
in agreement with the experimentally observed presence of only 
two contacts involving the fatty chain, namely with 2,3-dehydro- 
Dhbl and 2,S-dehydro-Dhbl7. In the following, the structural 
characteristics of each part, summarized in Scheme 1. will be 
discussed in detail. 

The first structured region involves residues from Pro2 to 
Val6 and is characterized by the presence of two turns. An in- 
verse y-turn between Pro2 and Ah4 with a hydrogen bond per- 
sistence of 80% and 4 and values of Val3 of -77" (RMS 
fluctuation 9') and 65" (RMS fluctuation 14"), respectively. A 
second turn from Val3 to Va16, stabilized by a H-bond between 
the CO of Val3 and the NH of Va16, can be defined as an 'in- 
verse /I-turn' with 44, y4, Cps and iy3 dihedral angles values of 
28", 78O, 123" and -66', respectively and RMS fluctuations of 
about 14". It has to be noted that the sequence of the angular 
values is reversed with respect to a type IT &turn (Rose et al., 
1985). This turn is favoured by the presence of alternating D and 
L residues. 

The second structured region involves the n residues from 
AlaX to Ala15. It is characterized by a conformation close to a 
left-handed u-helix, stabilized by three i . i+4 hydrogen bonds 
and values of q5 and iy dihedral angles in agreement with the 
corresponding region in the Ramachandran plot. The niissing 
H-bond is between residues Ah9 and AIa13. 

The helix ends with a y-turn involving the Ma15 and Dhbl7 
residues with #,b and V I , ,  values of 82" and -83". respectively. 
It is interesting to note the role of the Dhbl7 at the end of the 
helicoidal part. 

24 25 

The third region is due to the large lactone ring including 
residues from aThr18 to Tyr25. It is stabilized by three H-bonds 
between CO of Dhbl7 and NH of Ala20, CO of Scrl9 and NH 
of Ala22, CO of AIbu23 and NH of Tyr25. The last is involved 
in  an inverse y-turn with q52zJ and t,u24 angle values of -65" and 
6Y" (RMS tluctuation 10"). The other two hydrogen bonds in- 
volve i-i+3 residues and stabilize turns similar to /?-turns. Due 
to the allernation of D and L residues, these turns can not be 
identified with any known p-turn. 

DlSCUSSION 

Knowledge of the conforination in solution of bioactive sub- 
stances that interact with biological membranes is an important 
requirement for the interpretation of their mode of action at the 
molecular level. The present paper reports the solution three- 
dimensional structure of syringopeptin 25-A, a bacterial amphi- 
philic lipodepsipeptide which affects several membrane func- 
tions in plants (Iacobellis et al., 1992; Di Giorgio et a]., 1994). 
The solution structure was elucidated by computer molecular 
simulations applying both DG and MD methods with the use of 
NOE data collected from fully assigned two-dimensional NMR 
spectra (Ballio et al., 1991). The conformer of syringopeptin 
25-A in water solution, which respected better the constraints 
imposed by two-dimensional NMR and had the lowest potential 
energy value, is shown in Fig. 4. While the 3-hydroxy fatty acyl 
is substantially unstructured, the peptide moiety adopts a distinct 
conformation notable for the limited content of the secondary 
structure elements commonly found in proteins and homochiral 
peptides. 

The overall three-dimensional structure in solution of syrin- 
gopeptin 25-A i s  likely conditioned by two peculiar features of 
the lnolecule: lhe high content of Dhb residues, which produces 
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Table 6. NMR NOE intensity observed. W, M, S = weak, medium, 
strong (see tcxt). FA = fatty acid. 

Pdir typc Atom pair Intensity 

i - ( r + l )  FA CU- 1 N 
FA C4-IN 
FA CS-1N 

1 N -2d 
1p-21, 
l/LZ(S 
2Ca-3N 
4Co-5B 
5Cn-6N 

7&8N 
6Cn-7N 

7y-XN 
8CVi1-9N 
9Cc1- 1 ON 
9N-lON 
9p-10~ 
9/?- 1 0/1 

10N-11N 
ION-1 11’ 
1 ON-1 1 /J 
lOp-11)l 
1 O/j- I 1 N 
1 1 Cd-12N 
l lN-12N 
l ly-12N 
11/3-!2N 
11y-12p 
12N-13N 
12N-13/? 
1 ~ C U -  17N 
1 6N- 1 7N 
16b- 17N 
1 611- 1 7/? 

17N-I 8y 
17N-18N 

17N-18/1 
I 7]’-1 n~ 

inp- I YN 

18N-19N 
1 SN-l‘fiI 

18y- 1 YN 
19Cn-20N 
19N-20N 
19/1-2ON 
19/5-2ON 
2OC/1-2 1N 
2og-2 1 N 
20N-2 1 y 

21N-22N 

21b-22N 
22Ca-23N 
22p-23N 
23Ca-24N 

24N-2SN 
2Sm-18y 
2Sm- I8N 

250-18N 

9a-1 I N  

1ON-12N 

2 I Ca-22N 

21 y-22N 

24Cn-25N 

2.50-1 81’ 

9D-l lN 

11y-13N 
16p-1 SN 
18N-2ON 

i-(i+2) 

S 
MIW 
MIW 
M 
W 
M 
M 
W 
S 
S 
S 
w 
S 
S 
S 
MIS 
W 
S 
M 
M/W 
MIW 
MIW 
S 
S 
M 
M 
MIW 
S 
MIW 
S 
S 
MIS 
W 
S 
M/S 
w 
S 
M 
W 
W 
M 
M 
M 
S 
M/W 
M 
M 
MIW 
S 
S 
S 
M 
M 
M 
M 
M 
M 
W 
MIW 
W 
W 

M 
MIW 
W 
W 
M/S 
w 

i - ( i t  3 )  

Tahle 6. (contiiiucd) 

Pair typc Atom pair lnterisity 

1-(1+2) 20N-22N W 
20a-22N W 
22N-24N W 
2 2 8 2 4 N  MIW 
23y-25m w 

SN-bN MIW 
9u-12N M 
98- 12N W 

1 011- 1 3N W 
1 lll-14N MIW 
i3N- 1 qi MIW 
25u- 1 hp W 

r-(r+4)  3N-7N M 
1 2P- 1 6/J W 
13N-17N W 

Tahle 7. Long-range NMR NOE intensity observed. W. M, S - weah, 
medium, \(rung (sce text). FA = fauy aud  

Atom pan Into ivty  

FA Ca’-17N W 

2y-12/? W 
211-1 7 p  w 
4N- 11/l w 
4N-1SN M/W 
SN- l lp  W 

11 N-2311 M 
17N-23u M 

1N-17N MIW 

conforniatiorial rigidity along the peptide chain, and the presence 
of alternating heterochiralities, which produces a conformational 
preference for turns (Wilmot and Thornton, 1988). The sequence 
and chirality of residues arc reported in Fig. 1 and in Tables 1 
and 2, respectively, and the conformational features of the mole- 
cule in Fig. 4. The long left-handed helicoidul folding from resi- 
dues 8 t o  15 is in agreement with the cxpected propensity of 
Ala-like residues to promote helicoidal conformations. The D 
chirality of all residues of this moiety proniotes a left-handed 
winding. Despite the helix-forming propensity of its side chain 
(Li and Dcber, 1992), rlLeu7 is cxcluded from this structured 
region, probably in conscquencz of the heterochiral junction 
with ~Va16. 

Leaving aside for the inoment Dhbl located in  the. initial 
part of the peptide chain, the residues Dhbl 0, Dhbl2 and Dhbl7 
play a definite role in determining the solution structure of syrin- 
gopeptin 25-A. In the ribbon representation of Fig. 4 the occur- 
rence in their position of very narrow turns is quite clcar. The 
cffect is particularly great in position 10, whilst is less evident 
in positions 12 and 17 where the region is largely distorted from 
a pure helix. 

The turns 20-21 and 23-24 located in the lactone moiety are 
the consequence of heterochiral junctions. The supplementary 
constraints and the violation of the peptide geometry introduced 
by thc ring closure prevent a precise classification of the turns 
in terms of classical secondary structure, a situation corninon to 
several ring-containing peptides (Rizo and Gierash, 1992, and 
refcrences cited therein). However, for the sake of simplicity, 
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Table 8. Violations: NOE efi'ects observed in the NOESY spectra. 'The relativc intrnsiiy is reporred as strong, medium and weak as defined in 
Materials and Methods. The internuclear distances obtained by molecular dyniirnics simulation arc also reportcd. (V), virtual atom(s). The distance 
restraint interaction rcfers 10 a non-atomic calculated site, center of interaction. Strung, medium, weak rlislanccs referred to virtual atoms imply a 
correction term (up  to 0.1 nm) which must be added to the allowcd proion-proton distances. 

NMR NOE NMK NOE 
intensity 

Molecular dynarnics averagc distance (mis fluctuation) for 

class I Ila 

nm 

~ ~ __ ~ ~ ~ ~. ~ 

class Ilb , ., 

Dhhl P-Pro2 ) J  W - - (V) 0.60 (0.02) (V) 0.60 (0.02) 
Dhbl NH-Dhbl7 NH MIW - - 0.50 (0.03) 0.50 (0.03) 
Val3 NH-Ltu7 NH M 0.51 (0.03) - - 

Val11 NH-A2bu23 M (V) 0.55 (0.03) (V) 0.58 (0.03) (V) 0.57 (0.04) 
AM3 NH-A1bu23 o M - - 0.51 (0.03) 0.51 (0.04j 

0.68 (0.02) Ah13 NH-Dhbl7 NH W - 0.66 (0.03) 
Dhbl7 NH-Thrl8 y MIS - - (V)  (:).so (0.02) (V) 0.62 (0.02) 
Dhb17 y-Thrl8 NH S (V) 0.52 (0.01 ) (V) 0.79 (0.03) (V)  0.51 (0.01) 
Thr18 71-1)r25 m W - (V) 032  (0.03) 
Tyr25 m-AZbu23 y W - - - (V)  0.81 (0.05) 

AIa9 a-Dhbl2 NH M - - 0.52 (0.03) 0.52 (0.03) 

- - 

/ 

b 

Fig. 6. Comparison between the three-dimensional structures of the 
lactone ring of syringopeptin 25-A (a) and of syringotoxin (b) re- 
spectively. 

the turns present in syringopeptin 25-A have been labelled with 
the same prefixes used for those currently occurring in proteins 
and homochiral peptidcs, having the highest similarity. As 
shown in Fig. 6, the two turns present in the ring are very similar 
to those found in syringotoxin, another P. syringrie pv. syringiie 
lipodepsipeptide (Gonzalcs et al., 1981 ; Fukuchi Gt al., 1990, 
1992; Ballio et al., 1990) recently investigated by MD methods 
(Ballio et a!., 1994). This type of riilg conformation, resembling 
the Seam of a tennis ball, was found for the first time in a bioac- 
tive lipodepsinoilapeptide produccd by P rmctrcns (Mortishire- 
Smith et al., 1991 b). 

CD measurements have provided evidcnce for changes of 
thc secondary structure on passing from ii water solution to a 

2,2,2-tritluoroeiIianol/water mixture which miinicks :I mern- 
brane-like environtnent. 

An inleraction of syringopeptin 25-A wilh biological mem- 
hrancs i s  suggested by the striking similarity of its xtivitics 
(lacobellis et al., 1992; Di Giorgio et al., 1994; and unpublished 
data) with those of other natural peptides which affect the integ- 
rily of natural and artificial membranes (Saberwal and Nagarny, 
1994). It is likely that the predominant lipophilic character of 
thc metabolite, resulting not only from the very high percentage 
of hydrophobic amino acid residucs but also froni the fatty acid 
chain, is the prerequisite lor this interaction. The D h h l  and Pro2 
residues can be considcred as ii hinge across the two lipophilic 
domains, capable of inodulating the local rigidity and thus im- 
proving the interaction. This might also be intlucnced by the 
likely association of the cationic C-terminal cyclic region of sy- 
ringopeptin 25-A with thc negative headgroups of the phospho- 
lipids. 

A recent paper (Clark et al., 1994) has provided evidence of 
a striking similarity between the structure of polymyxins, a class 
of membrane-active bacterial antibiotics (Storm ct al., 1977), 
and ranalzxin, un antiinicrohiitl peptide isolated from the skin of 
the American bulllrog, Ranu cato.cheiunti (Clark et al., 1994), 
and structurally relatcd to type 1 brevinins (Simmaco ct al., 
'1994). 'These compounds share a long hydrophobic tail and a 
cationic heptapepticic ring a1 their C-terminus, formed in  poly- 
myxins through an amide honcl betwcen the C-terminus and the 
&amino ~ J - O L I ~  of a 2,4-di aminohutyric acid residue, and in rana- 
fcxin and type-J hrcvinins through an inlramolecular disulfiile 
bond. These features, considered responsible for the disruption 
oi hactcrial membrane permeability and thus for antibiotic activ- 
ity, atc also present i n  syringopeptins; i n  particular, their 
octapeptide cationic loop is lormcd by a lactone ring, which 
conserves two positively charged residues in identical positions 
to those in polymyxins, ranalexins and type-I brevinins. It has 
hecn claiined that 'thc cationic loop and hydrophobic tail shared 
by ranalcxin and polymyxin could represent a fundamental 
rnetnbranc-peimeabilizing peptide inotif more widely utilized i n  
nature than previously appreciated' (Clark et J., 1994). The 
finding that the same motif occurs in mine bacterial 
lipodepsipeptides further cxtends itc significance in nature. 

Further srudies are in progress to measure and calculate thc 
overall dipole moment of syringopcptin 25-A in order to conl- 
pare this data with those reported for alamethicin-like peptide 
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trichotoxin A-40, lantibiotics typc-A gallidermin and pep5 
which are po tenh-dependen t  channel-forming peptides (Freund 
and Jutig, 1991; Schwarz ct a].. 1983; Rizzo et  al., 1985). I n  
fact thir coinpounds have a very helicoidal conformation similai- 
to that obtained for syringopeptin 25-A. 

Thanks arc due to Drs Alessandro Ciiuliani and Alberto Bolli for 
helpful discussion about statistical methods and CD analysis. This work 
h i i s  been supported in part by grants of the Italian National Rcseac-ch 
Council (CNR), special ud h r i c  program C%irnicu fine IZ, Minisrero d d  
I 'Ui i I i~rsi th c dellu R i c c n n  S~:ieiiriJic.u z Tecnologicu. and NATO (no. 
921129 to A. B.). 
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