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Abstract The antibiotic virginiamycin is a combination
of two molecules, virginiamycin M1 (VM1) and virgin-
iamycin S1 (VS1) or analogues, which function syner-
gistically by binding to bacterial ribosomes and
inhibiting bacterial protein synthesis. Both VM1 and
VS1 dissolve poorly in water and are soluble in more
hydrophobic solvents. We have recently reported that
the 3D conformation of VM1 in CDCl3 solution (Aust.
J. Chem. 57:415, 2004; Org. Biomol. Chem. 2:2919, 2004)
differs markedly from the conformation bound to a
VM1 binding enzyme (Sugantino and Roderick in Bio-
chemistry 41:2209, 2002) and to 50S ribosomes (Hansen
et al. in J. Mol. Biol. 330:1061, 2003) as found by X-ray
crystallographic studies. We now report the results of
further NMR studies and subsequent molecular model-
ing of VM1 dissolved in CD3CN/H2O and compare the
structure with that in CD3OD and CDCl3. The confor-
mations of VM1 in CD3CN/H2O, CD3OD and CDCl3
differ substantially from one another and from the
bound form, with the aqueous form most like the bound
structure. We propose that the flexibility of the VM1
molecule in response to environmental conditions con-
tributes to its effectiveness as an antibiotic.
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Introduction

The streptogramin antibiotics, produced by several
species of Streptomyces, consist of two components, the
macrolactone virginiamycin M1 (VM1) shown in Fig. 1
and a species-dependent hexadepepsipeptide B compo-
nent, virginiamycin S1 (VS1). VM1 and VS1 kill sus-
ceptible bacterial strains by inhibiting their protein
synthesis (Crooy and De Neys 1972; Paris et al. 1990;
Bonfiglio and Furneri 2003). The two components bind
synergistically to specific sites on the 23S rRNA of the
50S ribosome, thereby inducing a ribosomal conforma-
tional change that strongly interferes with its peptidyl
transferase activity (Paris et al. 1990; Bonfiglio and
Furneri 2003; Porse and Garrett 1999; Hansen et al.
2003). A recent X-ray crystallographic study clearly
shows the conformation of VM1 bound to the 50S
ribosome but the location and conformation of the
bound B component, VS1, is not well resolved (Hansen
et al. 2003). Earlier X-ray crystallographic studies of
VM1 bound to the active site of a streptogramin ace-
tyltransferase (Sugantino and Roderick 2002), an en-
zyme found in some strains of resistant bacteria, showed
a conformation essentially identical to that of VM1
bound to the 50S ribosome.

Owing to solubility characteristics, NMR studies of
the VM1 conformation in solution have been done in
CDCl3 (Kingston et al. 1966; Bycroft 1977; Le Fevre
et al. 1983; Surcouf et al. 1990; Dang et al. 2004a), di-
methyl sulfoxide (DMSO) and methanol solutions
(Dang et al. 2004b). Recently, we reported that the
conformations of VM1 in CDCl3, DMSO and CD3OD,
determined by high-resolution NMR experiments (Dang
et al. 2004a, 2004b), differ significantly from that of the
X-ray crystal structure of VM1 bound to the 50S
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ribosome and to the active site of a streptogramin ace-
tyltransferase enzyme, Vat(D). This implies that the
binding process to these entities causes a major change
in VM1 conformation.

There are several reasons to determine the confor-
mation of VM1 in aqueous solution or less hydro-
phobic solvents, including (1) antibiotic synthesis and
drug design purposes, (2) the conformation may
approximate the VM1 structure in the more hydro-
philic environments within the cell, and (3) to under-
stand better changes in conformation as VM1 moves
from the free to the bound state in ribosomes and
enzymes. Accordingly we now present results of high-
resolution NMR studies which verify that the VM1
conformation in aqueous solutions, CD3CN/H2O, dif-
fers from that in CDCl3, DMSO and CD3OD and from
that of the bound forms (Hansen et al. 2003; Sugantino
and Broderick 2002).

Experimental

CD3CN was obtained from Aldrich (Milwaukee, USA).
VM1 was obtained by modification of the procedure of
Sharma et al. (1988) as described in Dang et al. (2004b).
The recrystallized VM1 was shown to be pure by thin-
layer chromatography and 1D 1H NMR.

Owing to the limited solubility of VM1 in water,
CD3CN/H2O was used to acquire the NMR data:
3.5 mg VM1 in 600 lL of a 17:83 (v/v) solution.
Chemical shifts were referenced relative to an appro-
priate solvent peak and tetramethylsilane set to 0.0 ppm.
A Bruker (Karlsruhe, Germany) AVANCE DRX
400 MHz NMR spectrometer was used in this study. 1D
1H NMR ,13C NMR and distortionless enhancement by
polarization transfer (DEPT), 2D correlation spectros-
copy (COSY) and total correlation spectroscopy
(TOCSY) (Claridge 1999; Braun et al. 1998; Ernst et al.
1987), and heteronuclear multiple bond correlation
(HMBC) and heteronuclear multiple quantum correla-
tion (HMQC) (Claridge 1999; Braun et al. 1998) spectra
were acquired and processed using standard protocols
(Claridge 1999; Braun et al. 1998; Ernst et al. 1987). The

water signal was suppressed using a double Watergate
(w5) field gradient pulse sequence (Braun et al. 1998).

The 2D 1H NMR nuclear Overhauser enhancement
spectroscopy (NOESY) (Claridge 1999; Braun et al. 1998;
Ernst et al. 1987) and rotating frame Overhauser
enhancement spectroscopy (ROESY) spectra (Claridge
1999; Braun et al. 1998) were recorded using a 7.5-ls 90�
pulse, 2.0-s relaxation delay and 600-ms mixing time with
a spectral width of 11 ppm in each dimension, 2,048
complex data points in F2, 400 increments and 16 tran-
sients per increment and Fourier transforming to 2,048
and 1,024 in F2 and F1, respectively. The TOCSY spectra
were acquired using a 160-ms mixing time. HMBC (with
delay corresponding to 8 Hz) and HMQC experiments
used spectral conditions similar to the NOESY but with
typically a 12-ls p pulse and 220-ppm spectral width
in the 13C dimension, 200 increments, 64 transients per
increment and Fourier transforming to 2,048 in both
dimensions using appropriate sine-bell apodization.

All 2D NMR spectra were processed using the Bru-
ker XWIN-NMR package and analyzed with the
XEASY (Bartels et al. 1995) and SPARKY (Goddard
and Kneller 2004) software for chemical shift and NOE
attributions with the H15AB NOE, corresponding to a
distance of 1.79 Å, used to calibrate the NOEs of the
nonaromatic protons. Distance constraints from the
NOESY and ROESY spectra were classified as strong
(1.8–2.7 Å), medium (2.7–3.5 Å), weak (3.5–5.0 Å) and
very weak (5.0–6.0 Å) (Clore et al. 1986). Simulated
annealing was used to generate structures using the
DYANA and CYANA programs (Güntert et al. 1997).
Two hundred structures were calculated from an ex-
tended structure using a torsion mode and distance
constraints derived from NOESY and ROESY experi-
ments, with a total of 44 distance constraints for
CD3CN/H2O. Twenty structures that satisfied the
experimental constraints with violations less than 0.5 Å
were selected as the global fold of VM1.

Dynamics and energy calculations were performed
using Insight and Discover software (Accelrys, San
Diego, USA) using the consistent-valence force field
(CVFF) and the steepest descent and conjugate
gradients methods. The 20 structures that satisfied all

Fig. 1 The chemical structure
and numbering of
virginiamycin M1 (VM1)
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the distance constraints from DYANA’s structural cal-
culations were chosen as the starting conformers for
energetic calculations.

The docking studies of VM1 with the enzyme Vat(D)
and 50S ribosome were performed on an SGI (Mountain
View, USA) Octane computer using the Accelrys pro-
gram. The VM1 structure in the appropriate solution
was superimposed onto the VM1 in the active site of the
X-ray crystal structure and the X-ray VM1 structure was
then removed. Conjugated gradient minimization was
then performed on the VM1 structure now present in the
active site.

Results and discussion

The assignments of the 1H and 13C NMR spectra of
VM1 in CD3CN/H2O determined using 2D NMR and
DEPT experiments (Claridge 1999; Braun et al. 1998)
are shown in Table 1. All assignments were made using a
combination of DEPT, HMQC, HMBC, COSY and
TOCSY spectra (Claridge 1999; Braun et al. 1998; Ernst
et al. 1987) to eliminate ambiguities.

Figure 2 depicts the VM1 conformations derived from
distance constraints from NOESY and ROESY connec-
tivities. Owing to the low molecular weight of VM1,
ROESY experiments resulted in more long-range proton
connectivities than NOESY experiments (Claridge 1999;
Braun et al. 1998). For the solution structure of VM1 in
CD3CN/H2O, the average of the global backbone root-
mean square deviations came to 0.36±0.23 Å and gave
calculated conformational energies (Table 2) comparable
to those found for VM1 in other solvents and the X-ray
structure (Dang et al. 2004b). Note that the oxazole ring
and the nitrogen 8/H8 vector (Figs. 1, 2c) in the aqueous
solution conformation for VM1 appear to be rotated
approximately 100� for the oxazole ring and of order
20� for N8/H8 compared with those of the bound
form (Fig. 2d).

The conformation of VM1 in CD3CN/H2O solution
appears to differ markedly from that of VM1 bound to
the 50S ribosome and the active site of Vat(D), and also
from those found in CD3OD, DMSO and CDCl3 sol-
vents (Fig. 3). The VM1 conformations determined
from NMR experiments in CDCl3, DMSO and CD3OD
are more compact than that in CD3CN/H2O. Interest-
ingly, however, the latter shows somewhat greater sim-
ilarity to the structure of VM1 bound to the active site of
Vat(D) or to the 50S ribosome, in that the VM1 struc-
ture is a more extended or flatter conformation.

In Fig. 4, our solution conformations are compared
with the conformation in the X-ray structure of VM1
bound to the active site of Vat(D) (PDB ID 1KK6)
(Sugantino and Roderick 2002). The structure of the
bound form of VM1 in the enzyme (Fig. 4) and the 50S
ribosome (PDB ID 1N8R) (Hansen et al. 2003) (Fig. 5)
are almost identical.

The X-ray structure of Hansen et al. (2003), a mile-
stone in structural biology, shows clearly the location

and conformation of VM1 in the ribosome (Fig. 5).
VM1 bound to either ribosome or enzyme is flattened
and spread out, almost to the maximum extent

Table 1
1H and 13C chemical shifts of virginiamycin M1 (VM1) in

CD3CN/H2O at 30�C

VM1
atom type

H1 d
(ppm)

C13 d (ppm) J (Hz)

H30A 0.81 18.46 3J30,29=6.45
H30B 0.81 18.46
H30C 0.81 18.46
H31A 0.87 17.72 3J30,29=6.98
H31B 0.87 17.72
H31C 0.87 17.72
H32A 1.02 10.44 3J32,4=7.25
H32B 1.02 10.44
H32C 1.02 10.44
H29 1.91 28.97
H4 2.74a 36.54
H3 4.76a 81.28
H6 5.96 123.01 3J6,5 =18.27
H5 6.59 145.78 3J5,6=16.92; 3J5,4=6.18
C7 NA 167.50
H33A 1.54 11.68
H33B 1.54 11.68
H33C 1.54 11.68
H15A 2.76a 48.36
H15B 2.99 48.36
H9A 3.72 40.38
H9B 3.92 40.38
H14 4.76a 64.29
H13 5.14 130.53 3J13,14=9.4
H10 5.58 125.22 3J10,11=16.4
H11 5.85 134.54 3J11,10=17.46
H8 7.73 –
C12 NA 134.45
C16 NA 204.09
H17A 3.82 43.24 2J17A,B=16.66
H17B 4.00 43.24 2J17B,A=15.04
H20 8.13 144.26
C21 NA 135.10
C18 NA 157.61
C22 NA 160.89
H25A 2.65 29.41
H25B 2.65 29.41
H24A 3.97 51.15
H24B 4.06 51.15
H26 6.40 128.87 3J26,25A=2.96; 3J26,25B=2.96
C27 NA 136.19
C1 NA 161.26

The 1H chemical shifts at 400 MHz and the 13C chemical shifts at
100 MHz are given.
aOverlapping peaks

Table 2 Analysis of the 20 energy-minimized structures used to
represent the solution structure of VM1 in CD3CN/H2O

Conformational energy in CD3CN/H2O
Etotal 40.12±1.56 kcal/mol
ENOE 3.80±1.26 kcal/mol
Ebond 8.31±0.42 kcal/mol
E/ 25.28±2.12 kcal/mol
Erepulsion 131.29±1.61 kcal/mol
Edispersion �117.50±1.14 kcal/mol
Average of the global
backbone root-mean square
deviations

0.36±0.23 Å
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(Fig. 3), undoubtedly aided by hydrophobic and polar
interactions between molecular groups and the binding
sites. Yet our data suggest that the aqueous environ-
ment itself, probably as a result of polar interactions
between the solvent and hydrophilic groups in VM1,
causes the antibiotic to assume a flattened structure,
somewhat similar to that of the bound form. Never-
theless, there is no doubt as to the importance of
hydrophobic interactions in the binding of the VM1 to
its ribosomal and Vat(D) sites. The VM1 oxazole
enters a ribosomal hydrophobic pocket, causing a
rotation of a ribosomal adenosine component (Hansen
et al. 2003). This allows hydrophobic interactions be-
tween the base and the conjugated NH8, and a hydro-
philic interaction of the adenosine 2¢E OH group
with the carbonyl O35 of VM1 and there is an addi-
tional interaction between the hydroxyl group (O36/
H36) on VM1 and another ribosomal adenosine
(Hansen et al. 2003).

Sugantino and Roderick (2002) suggest that the
Vat(D) active site binds VM1 by hydrophobic inter-
action, together with hydrophilic interactions of an
aspartate with O37 and an asparagine with O35. The
interaction of a tyrosine and a serine with the hy-
droxyl group (O36/H36) is also apparent (Fig. 4). It
may well be that the key to conformational change of
VM1 from solution to bound form lies at the conju-
gated N8/H8, and the hydroxyl group (O36/H36). Our
docked structure (Fig. 4) shows that the oxazole ring
and N8/H8 in our proposed conformations for VM1
in CD3CN/H2O (and also CD3OD and CDCl3) appear
to be rotated differently compared with the confor-
mation of the bound form, as discussed earlier and in
the legend to Fig. 4. The solution conformations of
VM1 show the observed ROESY connectivities be-
tween H20 and H8, H9A/H9B and H11, supporting
the change in orientation of the ring. The mechanism
of the binding process itself most probably causes a

Fig. 2 The conformations of
VM1 a in CDCl3 (Dang et al.
2004a), b in CD3OD (Dang
et al. 2004b) and c in CD3CN/
H2O, and d a representation of
VM1 bound to the 50S
ribosome (Hansen et al. 2003).
Note that the proline ring is at
the back of each structure

Fig. 3 Two views showing the
superposition of the average
structures of VM1. a In CDCl3
(red), in CD3OD (green) and in
CD3CN/H2O (blue). b A
comparison of the CD3CN/
H2O (blue) NMR structure with
the X-ray structure of VM1
bound to a streptogramin
acetyltransferase enzyme,
Vat(D), or the 50S ribosome.
The images were produced
using VMD (Humphrey et al.
1996) software
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conformational change as well as inherent solvent
differences. We propose that the flexibility of the VM1
molecule in response to environmental conditions
contributes to its effectiveness as an antibiotic.
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