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3D Structure of Ramoplanin: A Potent Inhibitor of Bacterial Cell Wall SyntHésis
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ABSTRACT. The 3D structure of ramoplanin was studied by NMR spectroscopy in aqueous solution. A
total of 320 interproton distances were determined from a NOESY spectrum and were used as restraints
in distance geometry calculations. A structural refinement was carried out by molecular dynamics
calculations in a solvent box. The structure of ramoplanin is characterized by two antipésstiahds

which are formed by the residues-2 and 16-14, respectively. Thg-strands are connected by six
intramolecular hydrogen bonds and a revetgarn which is formed by THrand Phé (in positionsi+1
andi+2, respectively). Residues 2 and 14 are connected by a loop consisting'éfAladf, Chp’, and

the side chain of Ash Although residues 1417 show the formation of &-turn, only the N-terminal

end of the turn is directly connected to one of thetrands (GIy*), whereas the C-terminal end (CRp

is linked via the side chain of A3n The 3D conformation of ramoplanin is also stabilized by a hydrophobic
cluster of the aromatic sidechains of the residues 3, 9, and 17. hjdi®phobic collapsdeads to a
U-shaped topology of thg-sheet with thes-turn at one end and the loop at the other end. The structure
found for ramoplanin differs considerably from the published structure of ramoplanose which might be
due to a smaller number of NOE distance restraints used in the previous study.

Ramoplanin (also known as A-166686 or MDL 62,198)
is a glycolipodepsipeptide antibiotic obtained by fermentation
of ActinoplanesATCC 33076 (Cavalleri et al., 1984; Pallanza
et al., 1984; Ciabatti et al., 1989a). It has excellent in vitro
activity against aerobic and anaerobic Gram-positive bacteria
including methicillin-resistanBtaphylococc{O’'Hare et al.,
1988, 1990; Maple et al., 1989; Brumfitt et al., 1990) and
bacteria resistant to vancomycin, ampicillin, and erythro-
mycin (Pallanza et al., 1984; Ciabatti et al., 1989a; Johnson
et al., 1992; Collins et al.,, 1993). Likg-lactams and
glycopeptides, ramoplanin inhibits the cell wall peptidoglycan
biosynthesis. In vitro studies by Somner and Reynolds
indicated that ramoplanin inhibits the conversion of lipid
intermediate | to lipid intermediate Il (transfer dfl-
acetylglucosamine) (Somner & Reynolds, 1990; Reynolds
& Somner, 1990).

The antibiotic was first isolated as a complex of three
closely related components Al, A2, and A3, in which A2
was the most abundant (Cavalleri et al., 1984). The
structures of all components were determined mainly on the
basis of 2D-NMR spectroscopy (Ciabatti et al., 1989b;
Kettenring et al., 1989); the structure of factor A2 is shown
in Figure 1. Ramoplanin consists of 17 amino acids in which
the C-terminal 3-chloro-4-hydroxyphenylglycine (Chp
forms a lactone bond with the hydroxyl group of the
B-hydroxyasparaging®¢OH-Asr?). The N-terminus of Ash
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1 Abbreviations: 3D, three-dimensional; Chp, chlorohydroxyphenyl-
glycine; DG, distance geometry; DQF-COSY, double-quantum filtered

is acylated by three different fatty acids which correspond
to the three different components. Twemannose moieties

are attached to the 4-hydroxyphenylglycine in position 11
(Hpg) by a hemiacetal bond. An antibiotic named ramo-

correlated spectroscopy; HMBC, heteronuclear multiple-bond correla- planose or UK-71903 was described by the group of D. H.
tion; HMQC, heteronuclear multiple-quantum coherence spectroscopy; Williams (Skelton et al., 1991). It contains the same peptide

Hpg, hydroxyphenylglycine; MD, molecular dynamics; NMR, nuclear

magnetic resonance; NOE, nuclear Overhauser effect; NOESY, nuclear

Overhauser enhancement spectroscopy; RMS, root mean square
TOCSY, total correlated spectroscopy.

core and differs only by the number of mannose units on
Hpg' (three instead of two). Other differences described
for the configurations of the double bonds in the diunsat-
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urated fatty acid are due to a wrong structure for ramoplanin. Fourier transformation the strorignoise was reduced by a
The present study clearly shows that the configuration is mean row subtraction using the AURELIA program (Bruker).

cistrans and therefore identical with the one found for Molecular Modeling. Distance geometry (DG) calcula-
ramopl.anose.. _ . tions, molecular dynamics (MD) simulations, and interactive
The investigation of ramoplanose also included a confor- modeling were performed with DGEOM95 (Blaney et al.,
mational analysis based on 97 interresidue distance con-1990), DISCOVER (Consistent Valence Force Field), and
straints obtained from NOESY spectra, which were used in |NSIGHT 11 from Biosym Technologies (San Diego, CA)
distance geometry and restrained molecular dynamics cal-gng Tripos' Sybyl Version 6.1a on SGI 340/VGX, SGI
culations. The structure contains two antipargieitrands ONYX, and Cray YMP computers. The cyclic starting
connected by seven intramolecular hydrogen bonds and tWostycture was modeled manually with an arbitrary selection

reverse turns; one strand incorporatgblaulge. However, o configurations R/S) for the stereogenic centers of Hpg
the analysis of NOESY spectra observed for ramoplanin in 5,4 Hpd.

our laboratory revealed many NOEs which could not be
explained by the structure shown for ramoplanose.
Reported in this work is the 3D structure of ramoplanin
which was determined by NMR spectroscopy and molecular
modeling. It was possible to elucidate one major conforma-

tion which is in accordance with all experimentally deter- . .
mined distance restraints including a large number of long- " H,0/DMSOd and DO/DMSOd, respectively. The

i i 4
range NOEs. A total of 320 distance constraints were useddIStance of 1.78 A between the geminat grotons of Gly

during these calculations. Compared to the previous studiesV@S used for callbra'glon. A toleranqe of 10% and 'ghe usual
carried out on ramoplanose, the present investigation givespseudogtom corr'ect|c'>ns were applied. The maximum al-
a new picture about the tertiary structure of the molecule. 10Wed distance violation was 0.7 A.
The significant changes of the 3D structure have important The five structures with the lowest restraint energy
implications for the design of new analogues of ramoplanin violations were very similar (average RMS deviation for the
with an improved pharmacokinetic profile. This model is superposition of backbone atoms: 0.7 A) and, therefore, the
also essential for understanding the biological function of structure with the minimum restraint violation energy was
ramoplanin, especially the mechanism of interaction with its selected for a further conformational refinement by molecular
target enzymes involved in the bacterial cell wall synthesis. dynamics taking into account electrostatics and solvent
effects. For this purpose, the structure was placed into an
EXPERIMENTAL PROCEDURES H,0 solvent boxx =y =z = 40 A; 1966 HO molecules)

NMR SpectroscopyAll NMR spectra were recorded on applying the SPC water model (Berendsen et al., 1981). The
a Bruker AMX 600 at 4GC. 30 mg of ramoplanin-A2 was geometric mean was used for the Lennard-Jones parameters

i ; : . N between unlike atoms. Neighbor lists for the calculation of
g;sj:(il,vreeds;)ne?tir\?el)l()t/l)”ai ng%E_)MTSh(g{;Z?;W(gf ;glrjol\g(?scged Ongon_l?_(r)]nded interactiong were updated Within a radius of 14
an Aspect station using the UXNMR software from Bruker. " e actual calculanop of nonbondeq Interactions was

All homonuclear experiments [DQF-COSY (Marion & car_rleq out up_to a radius of 12 A Wl_thout _the use of
Withrich, 1983), TOCSY (Bax & Davis, 1985), and NOESY S\itching functions. - For all the MD simulations three-

: , ; dimensional periodic boundary conditions and a time step

(Jeener et al., 1979)] were acquired with spectral widths of . .
12 ppm. In all experiments, spectra were recorded with 512 of 1 fs were employed. Throughout the MD. simulation,
~< PP - P » SP ; temperature and pressure (1.0 bar) bath coupling (Berendsen
increments int; and 4096 complex data points in For P press piing
the NOESY 32 transients were averaged for eqoralue et al,, 1984) was applied.
with a relaxation delay of 1.5 s, for COSY and TOCSY 16  The simulation protocol was as follows: while the solute
transients. Mixing times of 70 and 150 ms were used for was fixed, the solvent was energy-minimized for 2000
TOCSY and NOESY spectra, respectively. Solvent sup- iterations by conjugate gradients with a convergence criterion
pression was achieved by a continous irradiation during the of 1 kcal/A. The solvent shell was further relaxed by a 10
recycle delay and during the mixing time of the NOESY ps MD simulation at a temperature of 310 K (constant
spectra recorded in /DMSO-ds and DO/DMSO-ds to volume). After removing the fixed atom constraints the
saturate the water signal. NMR-derived distance restraints were applied with a maxi-

For the HMQC (Bax & Subramanian, 1986) spectrum 512 mum force of 1000 kcal A' mol%, the system was
increments (32 scans) with 2048 complex data points in ~ Minimized for 20 000 iterations by conjugate gradients with
were collected using a sweep width of 10 ppm in the proton @ convergence criterion of 1 kcal/A and then gradually heated
dimension and 165 ppm in the carbon dimension. A BIRD from 50 to 250 K in 50 K steps for 1 ps each. The system
pulse (Garbow et al., 1982) was applied to suppresswas equilibrated at 313 K for 50 ps, after then the trajectory
magnetization of protons connected¥@ (recovery delay =~ was sampled at 313 Kin 1 ps intervals for 450 ps. The MD
of 200 ms). The HMBC (Bax & Summers, 1986) spectrum calculation was resumed for another 500 ps without distance
was acquired with a sweep width of 12 ppm in the proton restraints. The remaining simulation parameters were kept
and 180 ppm in the carbon dimension. A total of 128 unchanged. From the trajectories of both the restrained and
transients were averaged for each of 512 incrementg in  the free MD simulations, six frames in 75 ps intervals,
and 2048 complex points were recorded:n A delay of respectively, were energy-minimizedyacuowith 200-step
3.3 ms was used to supprédsy couplings, and 70 ms were  conjugate gradients and a distance-dependent dielectric
taken for the development of long-range correlations. After constant.

With DGEOMB95, structures were generated from the
NMR-derived distance constraints with floating chirality for
the above-mentioned stereogenic centers. The 320 inter-
proton distances for the generation of the distance matrix
were obtained by volume integration of the NOESY spectra
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Table 1: Proton Chemical Shift§(HN—HC®) Coupling Constants, and Amide Proton Temperature Coefficients of Ramaplanin

residue HN HC HCP others JHN—HC*) (Hz) ASIT (—ppb K1)
Asnt 8.09 4.74 2.24/1.71 - 7.6 6.6
Asr? 8.42 5.53 5.76 amides 6.60/6.20 9.7 1.8
Hpg? 9.86 6.28 - b/f 7.56, c/e 7.08 8.8 5.7
orrt 9.24 4.28 1.45/1.27 HCL.26, HC 2.68/2.47 7.9 2.8
Thr® 7.58 4.39 4.1 HC1.15 6.5 35
Hpd? 8.9 6.82 - b/f 6.75, cle 6.41 9.7 7.1
Hpg’ 8.95 5.48 - b/f6.72, c/le 6.52 5.0 4.7
Thr® 8.26 3.76 3.95 HCO0.77 2.9 6.7
Phée 7.59 4.2 2.19/1.93 b/f6.99, c/le 7.28,d 7.22 6.5 4.2
Oornt0 7.77 5.03 2.14/2.06 HCL.77, HQ 3.10/3.05 9.1 24
Hpg*t 9.27 6.98 - b/f 7.40, c/e 6.97 7.9 5.5
Thr!? 9.11 4.76 3.97 HC0.99 9.1 43
Hpg* 8.85 6.11 - b/f7.13, c/le 6.78 5.3 4.9
Gly*# 7.92 3.80/3.03 - - - 15
Leut® 8.36 4.31 1.53 HC1.53, H® 0.81/0.77 29 6.2
Alaté 9.29 4.36 1.46 - 55 6.6
Chp“’ 7.94 4.92 - b 6.45,e6.93,16.63 9.7 25

aln H,O/DMSO-Us (4:1) at pH 4.6, 40C. Referenced to TMS. The resonances of the mannose moieties could not be assigned completely due
to spectral overlag 7-Methylocta-2,4-dienoyl residue: MG&.59, H® 6.51, HC 7.14, HC 6.10, HC 2.06/1.99, HE 1.50, CH 0.87.

Table 2: Carbon Chemical Shifts of Ramoplain M
residuee @ Cf others U,M W AJ W\}\ JLJV\;IMJ’\/UL
[ [ ] (]

Asnt 511 382 —

As? 536 73.8 —

Hp® 56.9 —  a130.6, b/f130.6, c/e 117.5,d 157.0
om* 550 292 €24.3,C40.1

The  59.1 695 €21.0

Hpf 55.4 —  a130.4, b/f129.3, cle 116.2, d 156.7
Hpg 583 —  acb/f128.8, cle116.8,d 157.1

Th® 637 66.6 €19.0

Phé¢ 57.9 37.6 &b/f130.1, c/e 130.0,d 128.3
oml 527 315 €24.7,C405

L] “ 0 [ o

Hpg'®t 56.3 —  a132.8,b/f128.3, c/e 118.4, d 157.4
Thri2 593 69.8 C€21.1

Hpg'* 56.7 —  a131.2, b/f129.4, c/e 117.0,d 157.3
Gly* 439 - -

Leuts 54:6 40.3 €256, 23.3,C 233
Alal® 514 176 —
Chp” 543 - afb128.3,c127.5,d 153.0, e 118.1,1127.9

aIn H,O/DMSO-ds (4:1) at pH 4.6, 40C. Referenced to DMSO
ds at 39.5 ppmP 7-Methylocta-2,4-dienoyl residue: *@18.5, G 144.1, -
Cr 128.8, @ 145.7, C 43.2, G 29.4, CH 23.4.¢ Not determined due
to spectral overlap.

A Lﬂw‘“ﬂmuqmbdw .

[
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FicUrRe 2: Region of the NOESY spectrum of ramoplanin ig@
DMSO-ds 4:1 at pH 4.6, 40°C (mixing time 150 ms). The spin
RESULTS system of the olefinic protons of the fatty acid chain is indicated.
The intense NOE betweengand H) proves thetrans-configu-

. . ration of the second double bond.
The NMR analysis was carried out under the same

conditions (HO/DMSO-s 4:1 at pH 4.6, 40C) which were  1991) this double bond israns-configured, which was
fOUnd by Kettenring et a.l. (1989) to eXh|b|t We”'resolved proved by an intense NOE betweerﬁ nd B and a
resonances of narrow line width. All proton and most of relatively weak NOE betweenjHand H (see Figure 2).
the carbon resonances were assigned using DQF-COSY, Figure 1 of the supporting information shows the NOESY
TOCSY, NOESY, HMQC, and HMBC spectra. The proton gpectrum of ramoplanin-Az2 in #/DMSO-ds recorded with
chemical shifts are reported in Table 1, and most of them 3 mixing time of 150 ms. The quantitative analysis resulted
are in accordance with the data previously reported (Ketten-in 320 interproton distances, which were used in the later
ring et al.,, 1989). Only the chemical shifts of the amide molecular modeling calculations (a list of all NOEs is
and a-protons of Phtand Ori® were obviously inter-  ayailable as supporting information). An analysis of the
changed. The carbon chemial shifts are reported in Tablejstribution of the NOEs is given in Figure 3. From 320
2. Due to spectral overlap, the carbonyl carbons and someNQEs, 61 are intraresidual, 112 are between protons from
of the aromatic carbons could not be assigned unambigu-residuei to i+1, 19 fromi to i+2, and 128 fromi to i+x,
ously. with x = 3 (protons of the fatty acid were formally assigned
A careful inspection of the NOESY spectum recorded in to residue 1). A similar analysis of the NOEs reported for
D,O/DMSO-d; revealed that the configuration of the second ramoplanose (Skelton et al., 1991) reveals two “intraresidue”
double bond in the fatty acid chain had to be revised with NOEs (Hpd'3,5/mannosé and AsiANH/F2, with F2 be-
respect to the previously published structure (Kettenring et longing to the fatty acid side chain), 56 frointo i+1, five
al., 1989). As in the case of ramoplanose (Skelton et al., fromi to i+2, and 34 from to i+x, with x > 3 [the NOE
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Ficure 3: Distribution of NOEs between the different residues in ramoplanin. A high number of long-range NOEs are observed, especially
between Phand Chp’, between Orhand Hpd?®, and between Hpgand Orr°.

FIGURE 4: Stereopresentation of the superposition of six structures of ramoplanin obtained during the restrained MD simulation in 75 ps
intervals.

table in Skelton et al. (1991) contains 98 NOEs, three of and between Hpgand Ori° (for ramoplanose five NOEs
them are listed twice. By counting NOEs to F8/@E3 two were reported between Grand Hpg?®, but no NOEs were
NOEs the total number is, in fact, 97]. reported for the two remaining pairs of residues).

The high number of long-range NOEs clearly indicates a  The interproton distances for ramoplanin were obtained
well-defined 3D structure for ramoplanin in aqueous solution. by integration of the NOESY spectra in®/DMSO-ds and
The highest numbers of interresidual NOEs, namely, 11, are D,O/DMSO-Us, respectively (both spectra were recorded with
observed between Phand Chp’, between Orhand Hpg?, a mixing time of 150 ms). The cross-peaks observed
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Table 3: Backbone Dihedral Angles of Ramoplanin (in d€g) Table 4: Intramolecular Hydrogen Bonds in Ramoplanin

residue ¢ P w donor acceptor average distance

Asnt —70(9) 109 (13) 170 (8) Orn*—NH Thri2-CO 1.91(0.14)

Asr? —105 (13) 153 (8) 175 (6) Thri—NH Thr>-CO 2.87 (0.20)
Hpg® 140 (9) —104 (11) —172(7) Hpg’—NH orm°—Cco 2.20(0.21)
ot 70 (12) 52 (9) =175 (7) Ornt>~NH Hpg'—CO 2.86 (0.34)

Thrs 128 (12) —150 (10) —170(7) Thri2—NH Thre—CO 2.18 (0.20)
Hpd? —109 (14) 159 (9) 160 (10) Gly**~NH Asr*—CO 2.37 (0.20)
Hpg’ 169 (8) —130 (11) 178 (7) Alal®—NH FA—CO 1.94 (0.15)

;?‘g :gg 83 :28 251))2) gg Eg)) aThe distances (A) are the average values over a trajectory of 450
ormto 132 (14) —134 (14) ~170 (7) ps restrained MD. The standard deviation is given in parentheses.
Hpgtt —142 (13) 120 (12) 174 (7)

Lhrlzg _gg %3) _112213(91)2 _11(?5) (;3) diffusion during the long mixing times of 400 and 250 ms
Gﬁfﬁ _152 §1)3) 16 2153 160( (33) which were used by Williams and his co-workers (Skelton
Leuts 61 (11) 81 (10) —164 (5) et al., 1991).

Alaté 82 (11) 6 (12) 168 (7)
Chp"’ —88 (12) —21(14) DISCUSSION

* Chpf'a—Chp'C'—Chp'0—Asn@’: —170 (10). ChC'—Chp’O— The configurations of all amino acids except Mpnd

Asr?CP—AsrPC* 111 (19). Chp'O—AsrPCP—AsrPC*—Asr?C': —70 Hod . v det ined by GAIS Vi
(5). ® The dihedral angles (deg) are the average values over a trajectory’ 1P9 WEr'€ previously determined by analysis on a

of 450 ps restrained MD. The standard deviation is given in chiral column (C|abatt| et a.l., 1989b) Therefore, the distance
parentheses. geometry calculations were carried out with floating chirality
for these two stereogenic centers. In the five structures with
between the geminal dd protons of Gly* were used for  the lowest restraint energy violation, the configuration of
calibration by setting the corresponding distance to 1.78 A. Hpef is S whereas the one of Hpgis R This is in

A direct comparison with the data obtained for ramo- accordance with the chirality pattern obtained for ramo-
planose is limited because in this case only a classification planose by chiral GEMS and NOE analysis (Skelton et
into “small”, “medium”, and “large” NOEs was given. From al., 1991).
24 NOEs which were classified as “medium” and which were  As can be seen from the superposition of six structures
also found in our study of ramoplanin, 11 corresponding (Figure 4), the 3D conformation of ramoplanin is very well
interproton distances were shorter than 2.5 A, six were maintained throughout the restrained MD simulation. This
between 2.5 and 3.0 A, and seven were longer than 3.0 A.is supported by the averaged backbone dihedral angles and
From NOEs classified as “small” we found two correspond- the corresponding standard deviations given in Table 3. Only
ing distances, namely, AsiNH/Asnta. and Ala8-NH/Chp'’- the sugar substituents of residue 11 display a high degree of
NH, to be 2.2 and 2.4 A, respectively. Another 10 “small” conformational flexibility because of the low number of NOE
NOEs correspond to distances between 2.5 and 3.0 A inrestraints in this part of the molecule. The structure of
ramoplanin, and 29 correspond to distances longer than 3.0ramoplanin is characterized by two antiparalebktrands
A. The remaining 30 NOEs in Table Ill from Skelton et al. which are formed by the residues-2 and 16-14, respec-
(1991) were either not present in the NOESY spectra of tively. The -strands are connected by six intramolecular
ramoplanin or could not be assigned unambiguously due tohydrogen bonds (see Table 4) and a revgrsern which is
spectral overlap. Some of the differences between our resultsformed by Th# and Ph& (in positions i+1 and i+2,
and those obtained for ramoplanose might be due to spinrespectively). The andy dihedral angles of these residues

FiIGUReE 5: Stereopresentation of thfesheet indicating the intramolecular hydrogen bonds. For the sake of clarity, the side chains of the
amino acids are represented only by thecarbons. BHA 2 corresponds to tjfehydroxyasparagine Agnand SHP 11 corresponds to

Hpgtt.
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(Table 3) correspond to the values gflaturn, which is the SUPPORTING INFORMATION AVAILABLE

expected turn conformation for twe-amino acids in . . . . .
A list of the 320 NMR-derived distance restraints in

positionsi+1 andi+2 (Smith & Pease, 1980). ) i S X
. , comparison with the corresponding interproton distances
It should be pointed out that the corresponding hydrogen during the MD trajectory is available. In addition, the

bond between_the amide proton_ of G?rlapd the c_arbon_yl NOESY spectrum of ramoplanin in,B/DMSO-ds 4:1 at
oxygen of Hpd s not very well defined during the S|mulat|on pH 4.6, 40°C (Figure 1) and a presentation of the amide
(see Table 4). However, #i-spectrum recorded in £/ region of the'H-spectrum of ramoplanin in /DMSO-ds
DMSO-ds immediately after sample preparation reveals that 4.1 gt pH 4.6, 40C and in DO/DMSO-s 4:1 at pH 4.6,
the amide proton of Offi is in slow exchange with the 40 °C (Figure 2) are availbable (16 pages). Ordering

solvent (Figure 2 of the supporting information). The same information is given on any current masthead page.
is true for the amide protons of ThiHpg', Thr'?, and Gly#

supporting in all cases the presence of an intramolecularREFERENCES

hydrogen bond. Only in the case of ®iis the exchange _
rate not in accordance with the formation of a hydrogen bond. Ba%: A, & Davis, D. G. (1985)). Magn. ResorB855-360.
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