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Studies on the solution conformation of the cyclic depsipeptide antibiotic enopeptin A have
been carried out using 2D NMR and molecular modelling techniques. The proton resonances of the
antibiotic in DMSO-dg have been assigned by the use of TOCSY and ROESY experiments. The
interproton distance information obtained from the ROESY experiments have been used as the basis
for elucidating the probable structures in solution. The restrained molecular dynamics technique
was applied to calculate the structures in solution, and six resultant structures with fewer distance
constraint violations were obtained that satisfy the experimental restraints very well. The conformation
of the cyclic moiety of the molecule is well defined whereas the aliphatic chain segment is disordered.

Enopeptin A, a novel depsipeptide antibiotic exhibits antibacteriophage activity in the assay system
using actinophage Bl and Streptomyces griseus.™*? 1t inhibits the plaque formation of bacteriophage B.
It also shows anti-microbial activity against Gram-positive bacteria including a methicillin-resistant
Staphylococcus aureus and Gram-negative mutants that are defective in the cell membrane. However the
antibiotic was not inhibitory to fungi. Enopeptin A consists of the amino acids Ala, Pro, Phe, Ser and
two unusual amino acids, N-methylalanine (MeAla) and 4-methylproline (MePro).? In addition, it has a
long tail segment consisting of 1,3,5,7,9-decapentaene-1,10-dicarboxylic acid [CO(CH=CH);CO] and
2-amino-3-hydroxy-cyclopent-2-enone (AHCPE) moities. The amino acids, other than Phe, form the cyclic
portion of the molecule in which MePro lies between Ser and Ala, MeAla between Ala and Pro. The cyclic
peptide segment is linked to the linear tail segment by the Phe residue. The chemical structure of enopeptin
A is given in Fig. 1. The cyclic moiety is expected to play a leading role in the molecular activity because
of the narrow cavity it possesses and because of the hydrophobic nature of the residue side chains. Complete
understanding of the activity may develop from the finer structural details of the molecule with knowledge
of its three-dimensional structure. Further conformational analysis of the molecule will yield information
about the positioning and hence role of specific functional groups in the mode of action. To date the
three-dimensional structure of the molecule is not available either from X-ray diffraction or NMR.
Although two-dimensional nuclear magnetic resonance (2D NMR) studies in CDCI; solution have been
carried out on the molecule,? the complete 3D structure in solution has not been attempted so far. Recently
conformational analyses of ant biotics®>~® and cyclic peptides®~'? have been possible due to the
advancement of 2D NMR spectroscopy. In order to understand in detail the structural aspects suitable for
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Fig. 1. The molecular formula of enopeptin A.
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molecular activity, we carried out investigations to determine the structures in solution. We report here
the determination of the 3D structure of enopeptin A in DMSO-d, solution by the combined use of 2D
NMR and restrained molecular dynamics (RMD) techniques.!® The structures calculated using the above

methods revealed a well ordered conformation for the cyclic moiety of the molecule but an ill-defined one
for the linear aliphatic chain segment.

Materials and Methods

Fermentation

The producing organism designated Streptomyces sp. ZZ1-10 was isolated from Kao-Shung county,
Taiwan. The procedures for the fermentation and isolation were slightly modified from the earlier work?
as follows. One loopful of a culture of Streptomyces sp. ZZ1-10 from an ISP M4 agar slant was inoculated
into a conical flask (500ml) containing 100 ml Tryptic Soy Broth medium (100 ml, TSB, Difco), and
incubated on a rotary shaker (200 rpm) at 27°C for two days. Then the primary seed culture was inoculated
into a fermentor (7 liters) containing seed medium (5 liters) with the following composition: yeast extract
0.5%., cotton seed flour (Sigma) 0.5%, MgSO,-H,0 0.1%, K,HPO, 0.1%. The pH was adjusted to 7.1
before sterlization. After cultivation under agitation of 200 rpm and aeration of 20 liters/minute at 27°C
for 24 hours, a 5% inoculum of the second seed culture was transfered into a fermentor (Chemap-CF150)
containing production medium (100 liters) consisting of dextrose 1%, NaCl 0.2%, soy bean meal 1%,
K,HPO, 0.2%, MnSO,-H,0 0.04%, ZnSO, - 7TH,0 0.044%, ferritartrate 0.005%. The fermentation was
carried out under same conditions for five days. The antibiotic production was monitored by a paper-disc
assay using Staphylococcus aureus ATCC 6538p as test organism.

Isolation

The culture supernatant, which was separated from fermentation broth by centrifugation, was extracted
with EtOAc, and the organic layer was concentrated to a small volume under reduced pressure. Then the
crude extract was adsorbed onto silica gel (80g), evaporated to dryness and placed on a silica gel
chromatography column (70 ~230 mesh, Merck) that was eluted stepwise with CH,Cl,-MeOH (100: 1
to 15:1). The active fractions were combined, concentrated and applied to a second silica gel column
(230 ~ 400 mesh, Merck) using CH,Cl, - MeOH (20: 1) as the mobile phase. After column chromatography,
enopeptin A was further purified by preparative TLC (Kieselgel 60F,5,) developed with CHCl; - MeOH
(15:1, Rf 0.53). This gave 22.0mg of pure enopeptin A as a yellowish-orange crystalline powder by
precipitation from CHCI; by the addition of n-hexane.

NMR Experiments
The NMR sample of enopeptin A was prepared at a concentration of approximately 20mMm by
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dissolving the antibiotic in deuterated dimethyl sulfoxide solution (500ul, Aldrich). Sodium
4,4-dimethyl-4-silapentane-1-sulfonate was used as an internal standard. The NMR tube (5mm) was
degassed and sealed. All NMR spectra were recorded on a 300 MHz spectrometer (Varian Unity-300),
and the data were processed using VNMR software. The COSY experiment was carried out in the absolute
value mode.'® Phase sensitive TOCSY!*''® and ROESY!7'® spectra were acquired (mixing periods 50,
100, 150, 200, 250, 300, 400 and 500 ms) with 2048 complex data points in t, and 512 points in t; with a
spectral width of 3302.8 Hz. All experiments were performed with quadrature detection in the phase sensitive
mode using 2D hypercomplex (States-Haberkorn) method. The data were apodized using a Guassian
function in both dimensions. Prior to Fourier transformation the time domain data were zero filled once.

NMR Parameters

The distance extrapolation method was used to compute interproton distances.!®2? According to
this method, the interproton distances of all proton pairs were derived from a comparison with a standard
NOE corresponding to geminal proton pairs in each mixing period, respectively. Least-squares lines were
fitted through all distances computed for the mixing periods and they were extrapolated to zero mixing
time. The respective intercept values refer to the interproton distances between the proton pairs. The vicinal
proton coupling constants indicate dihedral angle dependence of the Karplus type and hence yield
information on the backbone conformation of the molecule.?" Vicinal 3Jyy, and the other proton coupling
constants were measured from the splittings of their amide resonances in the 1D spectrum.

Computational Methods

In order to determine the conformation of enopeptin A in solution, RMD technique was attempted.
All computations were performed on a Silicon Graphics workstation 4D/35G. The RMD calculations
were carried out using the software CHARMm.>? The molecular graphics software QUANTA (Molecular
Simulations Inc.) was used to generate, display, analyse and plot the molecular structures. An empirical
energy function that includes terms for bond lengths, bond angles, dihedral angles and functions for van
der Waals and electrostatic interactions was used in the calculation of molecular dynamics simulation. All
possible non-bonded interactions within a cut-off radius of 14 A were included. The presence of solvent
molecules was effected by the inclusion of a distance-dependent dielectric constant into the computations.
The NOE distance information was incorporated by including a distance restraint function which involves
the calculated and target interproton distances, the Boltzmann constant and the temperature of the system.
First, an initial structure of the molecule was constructed by means of the small molecular model building
program of QUANTA and was used as the starting structure for RMD simulation.

Results

Assignment of Proton Signals

The 'H NMR resonances were assigned by combining the J connectivity information from the COSY
and TOCSY spectra and the through space connectivities from the ROESY spectra.?® Chemical shifts of
the proton resonances, multiplicities and coupling constants are summarized in Table 1. The coupling
between one of the H, of Phe with its H, was so small that its coupling constant could not be measured
clearly. To start with the assignment, the spin systems of Ala, Ser and Phe were unambiguously assigned
from the TOCSY spectrum based on the following, respectively: 1) the H, connectivity to the methyl
resonance for Ala; 2) the lower field chemical shift for H, of Ser; and 3) the geminal H, coupling pattern
of the AMX spin system of Phe. The aromatic spin systems of Phe could be uniquely assigned using the
intraresidue ROE connectivities between the ring and Hj observed in the ROESY spectra. Protons of the
other residues and the olefinic part of the molecule were easily traced from a combination of TOCSY and
ROESY spectra with the use of the through bond and through space connectivities, respectively. Fig. 2
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Table 1. Proton chemical shifts, multiplicities and coupling constants for enopeptin A in. DMSO-d;.

Chemical shift Coupling Chemical shift Coupling
Proton® (multiplicity) constant Proton® (multiplicity) constant
(ppm) (Hz) (ppm) (Hz)
MePro  H, (2) 4.39 (d) 8.4 H, (15) 1.92 (m)
H; (3) 2.00, 1.88 (m) H; (16) 3.54, 3.40 (m)
H, (4) 2.4 (m) Ser H, (18) 4.46 (1) 9.6
H; (5) 3.39 (m), 3.04 (d) 11.1 H, (19) 4.90 (d), 3.60 (t) 6.0, 9.6
CH; (4) 0.97 (@) 6.9 NH 8.94 (d) 9.6
Ala H, (7) 4.86 (m) Phe H, 2D 4.59 (dd) 6.3, 6.6
H; (8) 1.21 (d) 72 H,; (22) 3.00 (d) 13.2
NH 8.39 (d) 9.3 2.75 (dd) 6.3, 13.2
MeAla H, (10) 472 (@) 6.6 NH 7.51 (d) 6.6
H, (11) 1.42 (d) 6.6 AHCPE CH(44, 45) 2.49 (s)
NCH;, 2.70 (s) NH 10.05 (brs)
Pro H, (13) S.11 (d) 6.9 OH 13.91 (brs)
H, (14) 2.50 (m)

2 The atom numbers corresponding to the carbon positions shown in Fig. 1 are given within the parenthesis.

Fig. 2. The TOCSY spectrum of enopeptin A in DMSO-d, showing some of the proton connectivities.
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shows the full TOCSY spectrum of enopeptin A used for the assignment in which some diagonal peaks
of specific protons are marked.
NMR Constraints

As the correlation time for this medium-sized molecule makes the cross relaxation rate nearly zero,
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the NOESY spectra recorded at first were found to contain only a few weak cross peaks. This made us
collect the ROESY data, as the rotating-frame cross relaxation experiments are expected to yield better
results. As the ROESY intensity of the cross peaks are dependent on the offset from the rf carrier, the
usual correction for the offset dependence has been incorporated.” For the computation of interproton
distances, the average value of the volume integrals relative to the clearly resolved geminal proton pair
(H,/H,,) of Phe was used as reference, for which an interproton distance of 1.8 A was used as the standard.
For the remaining other ROESY cross peaks the averages of the respective reference volumes, found on
cach side of the diagonal of the relevant ROESY spectra, were used for the distance computation.
Least-squares lines were fitted for all proton pairs whose ROESY cross peaks were integrable, showing
the relationship of the distances with the mixing periods. These lines were extrapolated to the ordinate to
yield the distances between the respective protons (Fig. 3). Table 2 lists interproton distances derived from
29 strong ROESY cross peaks by the distance extrapolation method. Because of rotation of methyl groups,
flipping of aromatic rings and inability to make stereo-specific assignments, pseudoatom correction factors
were applied.?® The maximum possible error due to introduction of pseudoatoms was incorporated with
the constraints by additional correction terms. The upper bounds for the distance constraints were fixed

by addition of 0.2A to the actual distances, due
Fig. 3. Time dependence of some rotating frame NOEs
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Table 2. Interproton distances computed from rotating frame NOEs for enopeptin A.

Proton pair Interproton Proton pair Interproton
distances distances

Atom 1 Atom 2 A Atom 1 Atom 2 A
Ser NH Phe H, 2.30 Phe H, Phe H, 2.74
Ser H, Ser NH 2.65 MePro H; MePro H, 227
Ala NH Ala H, 2.66 Pro H; Pro H, 2.05
Ala NH MeAla H, 2.87 MeAla NCH, MeAla H, 244
Ala NH Ser H, 3.27 Pro Hy Pro H, 2.01
Ala NH MeAla NCH, 2.57 MePro H, MePro CH, 2.30
Ala NH Ala H, 2.57 Pro H, MeAla H, 2.95
Pro H, Ser H, 3.22 MePro H, MePro CH, 2.70
Ala H, MePro H, 3.65 Ser NH . Ser H, 281
Ala H, Ala Hy 2.92 MePro H, MePro Hy 2.56
MeAla H, MeAla H, 2.34
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energy of the system and the time allowed to search the conformational space. At first, unconstrained energy
minimization for 100 steps of steepest descent followed by 500 steps of conjugate gradient method was
carried out on the molecule to remove the strains caused by defining the inter-chain bonds. The molecule
was then gradually heated from 0 to 300K by assigning velocities every 0.1 ps from the Maxwellian
distribution, at temperatures incremented by 50K at each reassignment. Following this initial heating
procedure, it was then equilibrated for 2 ps so as to relax itself at the same temperature. The trajectories
were then continued for a subsequent period of simulation for 40 ps. Six structures were selected from
this RMD-simulated conformational space based on the small values of NOE energies (less than 25 kcal/
mol) and on fewer violations of distance constraints. The structures were finally subjected to 200 steps of

constrained energy minimization in order to attain the conformational energy minima.

Discussion

Structure in Solution
An analysis of six selected structures indicates that enopeptin ‘A has a highly ordered conformation

Table 3. Co-ordinates of heavy atoms obtained from one of the RMD structures of enopeptin A.

Atom® X y z Atom* X y Z
N(46) —6.677 2.363 —0.086 C(21) —7.523 4.613 7.503
C(2) —7.947 2.403 0.643 N(59) —8.840 3.989 7.491
Cc@3) —8975 1.950 —0.402 C(29) —9.773 4.328 6.581
C(4) —8.182 1.049 —1.356 C(30) —11.073 3.620 6.574
C(5) —6.772 1.651 —1.361 @31 —11.353 2.571 7.375
(7 —8.810 0.922 —2.748 C(32) —12.629 1.839 7.420
C(6) —5.554 2.980 0.382 C(33) —13.782 2.221 6.837
(6@)] —4.311 2922 —0.497 C(34) —15.009 1.415 6.912
N(@48) —3.613 4.142 —0.182 C(35) —16.194 1.761 6.375
C9) —2.755 4.744 —1.009 C(36) —17.378 0.894 6.453
C(10) —2.167 6.056 —0.459 C(37) —18.585 1.185 5.930
N(49) —2.591 6.375 0.923 C(38) —19.745 0.282 5.993
C(12) —2.159 5.578 1.952 C(39) —19.798 —0.840 6.739
C(13) —2.608 5.892 3.408 C(40) —20.942 —-1.771 6.728
C(14) —1.591 5.278 4.383 N(60) —21.981 —1.540 5910
C(15) —2.067 3.837 4.593 C(42) —23.192 —2.364 5.756
C(16) —3.585 3.894 4415 C(41) —24.348 —1.726 5.148
N(50) —3.840 5.186 3.771 C(45) —25.496 —2.714 5.044
c(1n —5.072 5.749 3.610 C(44) —24.874 —3.989 5.654
C(18) —6.299 4.869 3912 C(43) —23.459 —3.644 6.052
C(19) —7.457 5.153 2.936 O(61) —24.357 —0.596 4.762
O(51) —-7.999 3.901 2.504 0(62) —20.819 -2.713 7.497
C() —8.266 3.792 1.219 0(63) —22.610 —4.545 6.620
0O(52) —8.660 4.716 0.578 O(64) —9.622 5.210 5.747
0O(53) —5.484 3.597 1.439 C(22) —7.586 6.124 7.802
0O(54) —2.466 4.325 —2.119 O(65) —6.243 3.110 6.131
O(55) —1.444 4.608 1.746 C(23) —8.417 6.428 9.022
O(56) —5.225 6.909 3.250 C(24) —9.705 6.940 8.888
C(11) —0.646 6.106 —0.667 C(25) —10.476 7.221 10.009
C(57) —3.522 7.498 1.081 C(26) —9.965 6.991 11.279
C@®) —3.425 1.738 —-0.111 Cc@2n —8.682 6.480 11.422
N(58) —6.776 5.133 5.259 C(28) —7912 6.202 10.299
C(20) —6.769 4.209 6.223

2 The numbers of the heavy atom positions given in the parentheses correspond to Fig. 1.
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for its cycli¢ moiety compared to its linear chain. This region is so well ordered due to the presence of a
large number of sequential NOEs defining the fold of the peptide backbone and also due to the transannular
NOE:s in the cyclic part. Table 3 lists the coordinates of the heavy atoms obtained from one of the RMD
structures. The good non-bonded contacts in all structures are indicated by the negative values (an average
value= —15.85 kcal/mol) of the Lennard-Jones van der Waals energy. The agreement noted among the
selected structures reveals the similarities of the solution conformers. Hence, they were superimposed for
the best fit of the backbone atoms of the cyclic residues as shown in Fig. 4(a). From this figure it is seen
that the aliphatic chain segment is disordered compared to the cyclic moiety. Fig. 4(b) shows the
stereoview of the best fitted superposition of the backbone atoms in the cyclic moiety of the six selected
structures of enopeptin A. This figure clearly reveals the convergence of the overall fold of the cyclic moiety
and shows that the NMR-derived constraints tightly define the backbone conformation of the same. The
goodness of the superposition can be emphasized by comparing the energy terms including NOE energies
for all the six structures. Table 4 lists all the energy terms, such as bond length, bond angle, dihedral angle,
improper torsion, L-J van der Waals, electrostatic, NOE and total energies. The energy values for all
structures are in a close range. The total energy varies between —108.89 and — 110.23 kcal/mol and the
NOE energy ranges from 21.36 to 22.60 kcal/mole. The narrow range of variation in the energy terms and
negative value of the total energy indicate that the RMD structures represent reasonable solution structures
based on the experimental NOE constraints.

Fig. 4.

(a) Superposition of six enopeptin A structures obtained from RMD calculations.
Each member of the family of structures has been superimposed for the best fit of the backbone
atoms of their cyclic moiety.

(b) Stereoview of the six RMD superposed structures showing the cyclic moiety alone.
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Table 4. Energy values for the six selected RMD structures of enopeptin A.

RMD structures (kcal/mol)
Energy terms

1 2 3 4 5 6

Bond 1.67 1.81 1.76 1.77 1.62 1.65
Angle 35.67 37.48 38.52 37.96 37.23 37.07
Dihedral angle 40.99 38.74 38.35 38.84 37.83 40.10
Improper 0.84 0.71 0.65 0.62 0.58 0.52
Van der Walls —15.67 —16.41 —15.59 —15.97 —15.67 —15.80
Electrostatic —194.99 —193.38 —194.78 —194.10 —193.82 —195.13
NOE constraints 22.60 21.69 21.70 21.86 22.06 21.36
Total —108.89 —109.37 —109.39 —109.02 —110.17 —110.23
The violations of distance constraints imposed Table 5. Violations of NOE distance constraints.

by the NOE data also support the convergence of the RMD v v

solution structures and they are listed in Table 5. It structures ( iv)e (E;" Va

includes the average values of the sum of violations

of upper distance constraints imposed by NOE data ! 0.35 0.72 3

. . 2 0.31 0.66 5
(Vaee)> the number of violations greater than 0.5 A 3 0.27 0.77 4
(V,), and the maximum value of violations (V). 4 0.38 0.70 4
This table reveals that the experimental NOE con- 5 0.36 0.99 4
straints have been strictly followed in all structures. 6 0.38 0.73 5

As there are more NOE constraints in the cyclic
moiety, a single family of converged conformations
was observed for this segment.

The degree of closeness of the converged structures is obtained from the pairwise atomic root mean
square deviation (RMSD) values (computed both for backbone and heavy atoms) of the cyclic moiety
and the overall molecule, respectively (Table 6). The values indicated in the upper-right triangular matrix
correspond to the backbone atoms of the cyclic moiety whereas those given in the lower-left correspond
to the heavy atoms of the same. The corresponding data for the overall molecule are given in the parentheses.
Thus, the RMSD values of the heavy atoms among the selected structures vary from 0.22 to 0.39A for
the cyclic residues and from 0.17 to 1.9A for the whole molecule. The smaller values noted for the cyclic
segment indicate its convergence. The higher values noted for the whole molecule imply the irregular
conformation of the aliphatic chain segment.

Further evidence for the convergence of the calculated structures in the cyclic region is seen from the
similarities of the dihedral angles (¢, ) in the selected structures. These data are presented in Table 7.
The aliphatic segment of the molecule is the ill defined portion of the calculated structures, probably
indicating that it is conformationally more flexible than the rest of the molecule. The narrow range of
(¢, ¥) values for the cyclic moiety is clearly revealed in Table 7. Further the dihedral angles ¢ obtained
from RMD calculations are comparable with those obtained from the NMR coupling constants (for Ala,
Ser & Phe), duly confirming the results of RMD calculation. The flexibility in the conformation of the
olefinic atoms is revealed from an analysis of the average atomic RMSD values computed from the six
structures with respect to their mean. An analysis of these values indicates that the values for the olefinic
atoms are greater than those for the cyclic portion, thus implying a flexible conformation for the aliphatic
chain segment.

Thus an analysis of the solution conformation indicates that the molecule is oriented in such a way
that most of the carbonyl oxygens of the cyclic moiety have an easy access to the molecular cavity.
Regarding the conformation of the side chain orientations, the hydrophobic side chains of the cyclic amino
acids (core region) protrude outwards. The latter may provide possibility for hydrophobic clustering with
membrane systems. Thus, the calculated structure in solution enables interpretation of structure-activity
studies in terms of the conformational features of the molecule.

In summary, according to conformational aspects of enopeptin A from NMR measurements, six
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Table 6. The pairwise root-mean-square deviation values among the six selected RMD structures of enopeptin

A2,
RMD 1 2 3 4 5 6
structures
(backbone atoms)
1 — 0.14 0.14 0.11 0.12 0.07
(0.64) 0.72) (0.84) (1.16) (1.47)
2 0.25 — 0.03 0.06 0.10 0.14
0.71) 0.17) 0.29) (0.78) (1.24)
3 0.24 0.02 — 0.10 0.14 0.02
(0.80) (0.23) 0.13) (0.64) (1.14)
4 0.20 0.06 0.05 — 0.03 0.03
0.93) (0.35) 0.17) (0.55) (1.09)
5 0.21 0.09 0.10 0.07 — 0.08
(1.39) (0.99) (0.83) (0.73) (0.69)
6 0.15 0.15 0.14 0.11 0.13 —
(1.91) (1.74) (1.62) (1.56) (1.06)

(heavy atoms)

a

The non-bracketed values refer to the cyclic moiety and the bracketed values correspond to the overall molecule.

Table 7. The backbone dihedral angles observed in the RMD structures for the cyclic fragment of enopeptin

A.
RMD structures
Residues
i 2 3 4 S 6
Phe ¢ —64.14 —66.17 —66.70 —66.18 —63.21 —63.97
v 86.14 100.10 92.58 93.20 90.63 81.87
Ser ¢ —114.20 —116.20 —81.71 —109.80 —116.80 —134.10
¥ 84.87 97.29 95.99 93.12 91.12 80.01
Pro ¢ —83.97 —92.44 —90.87 —88.85 —90.08 —86.69
] 112.50 91.10 91.82 95.50 95.33 98.37
MeAla ¢ 60.67 67.48 67.57 66.85 67.45 68.98
] 4.30 3.74 4.07 4.08 3.38 5.34
Ala ¢ —170.40 —155.30 —156.10 —159.50 —161.00 —166.20
¥ 153.50 150.00 150.40 150.00 147.10 154.50
MePro ¢ 44.28 42.68 40.88 40.88 44,18 44.33

structures derived from the RMD technique represent the conformations of enopeptin A in DMSO solution
compatible with all experimental data. The backbone conformations of these structures indicate that
enopeptin A possesses a stable conformation in solution. It is also implied that the residues in its core
region adopt a highly ordered compact conformation with its cavity being surrounded by the carbonyl
oxygens. The exact orientation of the molecule for its biological activity may be determined at least in
part by the topology of the side chain hydrophobic residues and the cavity at the center of the cyclic moiety.
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