
Vancomycin: Conformational Consequences of the Sugar Substituent|

Simona Golic Grdadolnik,†,§ Primoz Pristovšek,† and Dale F. Mierke*,§,‡
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High-resolution, three-dimensional structures of vancomycin and aglyco-vancomycin in DMSO
were determined by nuclear magnetic resonance, metric matrix distance geometry, and
molecular dynamics calculations. Conformational flexibility fast on the NMR time scale was
examined by ensemble-based calculations which apply the experimentally derived restraints
as an ensemble average. Two families of conformations of vancomycin, differing in the
positioning of the vancosamine substituent, were observed. In contrast, the aglyco-vancomycin
adopts only one conformation in solution. The conformations of vancomycin and the aglyco-
vancomycin differ in the alignment of the amide protons which participate in the hydrogen-
bonding network with the cell-wall precursor and orientation of the aromatic rings relative to
the backbone. Therefore, the high-resolution structural characterization provides insight into
a possible role of glycosylation on the activity of this important family of antibiotics.

Introduction
Vancomycin (Figure 1) is the last effective drug

against Staphylococcus aureus and other pathogens. It
belongs to a family of glycopeptide antibiotics which all
share similar, extended heptapeptide backbones with
extensively cross-linked side chains and a variety of
sugar substituents. A major advantage of vancomycin
treatment has been the virtual absence of resistant
strains. Thus, the recently discovered resistance to
vancomycin in a number of enterococci strains1,2 emerges
as a crisis in antibiotic resistance3 and is an object of
intense study. The threat of other bacteria developing
resistance has stimulated the design of new antibacte-
rial agents.
Glycopeptide antibiotics inhibit the transglycosylation

and transpeptidation steps in the synthesis of the cell-
wall by noncovalent binding to the D-Ala-D-Ala terminus
of the pentapeptide cell-wall precursor. Several high-
field NMR studies of complexes involving various gly-
copetide antibiotics with cell-wall mimics such as Ac-
L-Lys(Ac)-D-Ala-D-Ala and Ac-D-Ala-D-Ala have led to a
model in which the complex is stabilized by a series of
five hydrogen bonds between the peptide precursor and
the antibiotic heptapeptide backbone.4-7 Recently ad-
ditional hydrogen-bonding interactions between the
antibiotic and the rest of the pentapeptide cell-wall
fragment were found in the complex of A82846B with
the Ala-isoGlu-Lys-D-Ala-D-Ala pentapeptide.8

In resistant bacteria the C-terminus of the cell-wall
precursor is D-Ala-D-lactic acid, in which the terminal
D-Ala is replaced with a lactic acid.9 The 1000-fold
reduced binding affinity of vancomycin for the modified
precursor,10 paralleling the decreased effectiveness of
the antibiotic to the resistant bacteria,9,11 can be at-
tributed to elimination of one of the hydrogen bonds in
the complex.12
An important physiological role has been attributed

to the ability of the glycopeptide antibiotics to form
homodimers in aqueous solution.13-15 A cooperative
effect between dimerization and ligand binding has been
observed, and given the fact that the affinity of antibiot-
ics to the cell-wall analogues correlates in many cases
with in vitro antibiotic activity,5 dimerization may have
a positive effect on antibiotic activity.
The sugar substituents are believed to be responsible

for a number of favorable interactions in the formation
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Figure 1. Primary structure of vancomycin illustrating the
atom nomenclature used in this study.
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of the dimer.13,16 The ring 4 disaccharide promotes
dimerization by a factor of ca. 100. The increase in the
dimerization constant of A82846B by a factor of 250
with respect to vancomycin can be attributed to the
presence of a ring 6 amino sugar in A82846B, the only
difference between the two antibiotics.13 Influence of
the sugar substituents on the dimerization constants
has led to a prediction that the antibiotic aglycons are
less active. Indeed, experimental data indicate that the
in vivo activity of aglyco-vancomycin is 5 times less than
that of vancomycin.17 However, the effect of the sugar
substitution on the conformation of the heptapetide
backbone, which might influence the activity of the
glycopeptide antibiotic, has not been examined.
Here we report the results of a structural comparison

of vancomycin and its aglycon analogue. The aim is to
obtain high-resolution, three-dimensional structures of
both antibiotics and to examine the influence of the
sugar substituent on conformation. This will provide
structural insight into the observed differences in the
activity of vancomycin and its aglycon analogue.
To concentrate on specific conformational differences

in the absence of dimerization, our study was carried
out in DMSO. It has been clearly illustrated that
vancomycin dimerizes in water but not in DMSO. First
the NMR-derived distance restraints were applied in
metric matrix DG calculations18 which provide a fast
and complete search of conformational space. The
conformational mobility fast on the NMR time scale was
inspected by ensemble-based simulations.19,20 The re-
sulting structures were further refined by extensive
molecular dynamics simulations carried out in explicit
DMSO.21 By the application of the force field used in
the molecular dynamics simulations, important ener-
getic features of the molecule are included and the DG
structures, which are based only on molecular con-
nectivity and experimental constraints, were verified.
Moreover, the inclusion of explicit solvent molecules
improves the energetic refinement given the large
surface area of the molecules.

Results
The proton chemical shifts of vancomycin and aglyco-

vancomycin were assigned following standard proce-
dures using homonuclear DQF-COSY, TOCSY, and
NOESY experiments in combination with 1H-13C HSQC
experiments. The assignment is in agreement with
previously published results for vancomycin.22,23 The
prochiral methylene protons of the asparagine residue
were assigned by the method of floating chiralities24 and
by the simple method of testing both prochiral assign-
ments during MD simulations. Allowing for the chirali-
ties of the â-methylene protons of Asn-3 to float during
the DG-based simulated annealing refinement resulted
in a ratio of 3:1 with the low-field proton as pro-R (i.e.,
25% of the resulting structures from the DG calculations
had the high-field proton pro-R). To further examine
this assignment, NOE-restrained MD simulations were
carried out with both possible assignments. In accord
with the DG results, the calculations with the high-field
proton as pro-R resulted in distorted structures with
amide bonds deviating strongly out of plane and with
large NOE violations centered around residues 2, 3, and
4. The assignment of pro-R to the low-field proton did
not produce such distortions.

The proton-proton distances were calculated from
NOESY spectra measured at 150 ms using the two-spin
approximation and the integrated intensity of a geminal
pair of protons assumed to have a distance of 1.78 Å.
Both antibiotics are in the negative NOE regime when
studied in DMSO at 298 K. In previous NMR studies
of this class of compounds in DMSO, spin diffusion was
assumed to have only a limited effect on the NOEs
measured at 400 and 500 MHz.7,25 In contrast, the
NOESY spectra of vancomycin in DMSO measured at
600 MHz display significant spin-diffusion effects be-
tween z6-x5, z6-5b, 5b-4f, x5-x4, and 2b-x2 protons
in both antibiotics and additionally between 6e-V6,
V2-G3, and G4-V1 protons in vancomycin. These
effects were identified by the examination of NOESY
spectra collected at many different mixing times (50,
100, 150, 200, and 250 ms). Examples of the nonlinear
behavior in the initial stage of the NOE buildup curve
for these pairs of protons are given in Figure 2. The
buildup curves of g1-2e and g1-6e NOEs, which are
linear in the range from 0 to 250 ms, are shown for
comparison. The NOEs between x5-x4, 5b-4f, V2-
G3, and G4-V1 were not observed in the 50-ms NOESY
and were of medium intensity in the 150-ms NOESY,
and therefore they were not utilized in the structural
refinement calculations discussed below. For the proton
pairs z6-x5, z6-5b, 2b-x2, and 6e-V6 the distances
calculated from the 50-ms NOESY (a mixing time in
which the NOE buildup is still linear) were utilized.

Figure 2. Selected buildup curves of the NOEs of vancomycin
which are influenced by spin diffusion. The g1-2e and g1-6e
NOEs, which are linear in the range from 0 to 250 ms, and
therefore not affected by spin diffusion, are shown for com-
parison.
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Interestingly, each of the pairs of protons identified
above to be involved in spin diffusion was found later
(during the structural refinement discussed below) to
have an intermediate proton spatially between them,
ideal for indirect NOE enhancement. There are 64
common distance constraints between the antibiotics
which were utilized in the structure refinement (Table
1). In addition 17 and 15 unique constraints were
applied for aglyco-vancomycin and vancomycin, respec-
tively (Table 1).
With the exception of a x2-w2 constraint, the van-

comycin-unique constraints involve protons between the
two saccharides and between the disaccharide unit and
aromatic rings 2 and 6. Most of the aglyco-vancomycin-
unique constraints are weak and do not influence the
structural changes observed between vancomycin and
aglyco-vancomycin (i.e., these NOEs are fulfilled, no
violations greater than 0.3 Å, by the resulting structures
of vancomycin). Exceptions are medium constraints 2f-
3aR and 2e-3aS (Figure 3), which are violated in all

vancomycin structures by more than 0.5 Å. These two
constraints indicate a different alignment of the Asn-3
side chain in vancomycin and aglyco-vancomycin.
The DG calculations of aglyco-vancomycin resulted in

98 structures with an rmsd value of 0.9 Å for all heavy
atoms and with an average NOE violation of 0.1 Å.
Conformations are highly ordered in the constrained
cyclic part of the molecule with a dihedral angle order
parameter26 greater than 0.9 (Figure 4), whereas the
conformation of residue 1, which is outside the con-
strained ring system, is less ordered. Despite this
appearance of order, there are 5 structures out of the
98 which have different orientations of the amide w3
proton, manifested by different ψ2 and φ3 dihedral
angles as depicted in the Ramachandran map for
residue 3 (Figure 5). The w3 proton is projecting toward
the front of the binding pocket in the minor group of
conformations (5 structures) and toward the rare side
of the aglycon in the major group of conformations (93
structures). A representative structure from both of
these groups was chosen and subjected to extensive
NOE-restrained MD simulations. During the MD simu-
lation beginning with the minor conformation, there is
a transition to the major conformation with the amide
proton projecting to the rare side of the aglycon. The

Table 1. Distances (Å) Calculated from NOESY Spectra of
Aglyco-vancomycin and Vancomycin

atoms
aglyco-

vancomycin
vanco-
mycin atoms

aglyco-
vancomycin

vanco-
mycin

1e 2f 3.7 3.5 x6 6b 2.7 2.5
x2 hoz2 3.2 2.7 x6 w7 2.1 2.1
x2 w3 2.5 2.4 w6 hoz6 2.4 2.4
x2 z2 2.3 2.2 w6 6f 2.6 2.5
x2 2b 2.9 3.4 z6 hoz6 2.3 2.2
z2 2f 2.9 3.3 z6 w6 3.4 3.4
z2 hoz2 2.3 2.2 z6 6b 2.3 2.3
z2 2b 2.3 2.4 z6 6F 3.4 3.4
2e 4b 3.3 3.4 z6 w7 2.6 2.5
2f hoz2 2.8 2.8 hoz6 6b 3.7 3.8
2f w2 3.5 2.5 hoz6 6e 3.8 3.7
2f 3aS 2.9 3.3 hoz6 6f 2.6 2.5
x3 w3 3.1 3.0 6b w7 3.2 3.0
x3 3aR 2.8 2.7 x7 w7 2.6 2.9
x3 3aS 2.5 2.3 x7 7f 3.8 3.5
w3 3aR 3.3 3.1 w7 7f 3.3 3.7
w3 3aS 3.4 3.2 x2 2f 3.4
w3 4b 3.7 3.5 z2 w3 4.0
3aS 3b1 2.6 2.6 hoz2 2b 3.5
3aS 3b2 3.4 3.4 2b 4b 4.4
3aR 3b1 2.6 2.7 3aS 2e 3.3
3aR 3b2 3.4 3.5 2f 3aR 2.8
3aS 4b 3.6 3.3 2f 4b 3.7
x4 w4 3.3 3.0 3aS w4 2.6
x4 w5 2.1 2.1 x4 5f 4.2
x4 4f 3.0 2.8 x5 6f 4.2
x4 4b 2.3 2.7 w5 w6 4.0
4b w4 2.6 2.4 5e x7 4.0
4f w5 2.9 2.7 5f x7 4.6
4f x5 2.8 2.8 x6 6f 3.6
4f 6e 3.4 3.3 w6 w7 3.8
4f 6b 3.5 4.0 w6 x7 4.5
x5 w5 2.6 2.8 hoz6 w7 4.0
x5 5b 2.1 2.0 x2 w2 3.2
X5 5F 3.6 3.7 2e G1 3.2
X5 X6 1.8 1.8 2e V6 3.8
X5 Z6 3.7 3.8 6e G1 3.6
X5 W6 3.3 2.8 6e V6 4.6
X5 6B 3.1 2.9 6e V7 3.8
X5 W7 2.7 2.9 6b V7 4.6
W5 5F 3.0 2.9 G1 V5 2.8
5B Z6 4.0 3.7 G1 V7 3.8
5B 6B 3.6 3.4 G2 V1 2.1
5B W7 2.2 2.2 G2 V5 2.7
5B X6 2.1 2.2 G2 V6 3.8
X6 W6 2.8 2.9 G2 V7 4.1
X6 Z6 2.3 2.3 G3 V1 2.7
X6 HOZ6 3.5 3.9 G3 V7 4.4

Figure 3. Expanded regions of NOESY spectra of aglyco-
vancomycin (a) and vancomycin (b) showing the different NOE
pattern of the methylene protons of residue 3.
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average dihedral angles from both simulations calcu-
lated from the last 100 ps of the simulation are almost
identical and indicate that the rigid framework of the
aglyco-vancomycin adopts one conformation in DMSO.
The average NOE distance violation from the restrained
simulation is 0.08 Å. Only one NOE violation larger
than 0.4 Å is observed: 1e-2f with a value of 0.47 Å.
This may be an indication that residue 1, which is not
constrained in the cyclic part of the molecule, can adopt
many conformations in DMSO, and therefore an en-
semble-based simulation protocol19 would be required.
In contrast to aglyco-vancomycin, the DG calculations

of vancomycin show more conformational flexibility in

the ring composed of residues 2, 3, and 4. The calcula-
tions resulted in 65 structures with an rmsd value of
1.1 Å for all heavy atoms and an average NOE violation
of 0.16 Å. Noteworthy the ψ3 and φ4 dihedral angles
have much lower-order parameters, and the Ramachan-
dran plots of residues 3 and 4 illustrate the presence of
several families (Figure 5). One of the families has the
Asn side chain aligned on the rare side of the molecule.
The other three families have the Asn side chain in front
of the aglycon and differ in the orientation of the w3
and w4 amide protons. The remainder of the molecule
comprising residues 5, 6, 7 and the two saccharides
adopts one conformation and is highly structured, with
high dihedral angle order parameters.
Even with different starting structures, the molecular

dynamics simulations always resulted in violations of
a NOE between 2e-G1, sometimes with violations as
high as 2 Å. This is an indication that the experimental
constraints between the disaccharide and the aromatic
rings of the antibiotic aglycon cannot be satisfied by a
single conformation. These observations are in agree-
ment with the previously published model of two dif-
ferent conformations of vancomycin differing by a 180°
rotation around the glucose 4 glycosidic linkage.5 To
address the problem of conformational mobility of the
disaccharide substituent, ensemble calculations were
performed. The starting ensemble was generated by
copying the resulting 65 DG structures five times. Only
the average of the members of the ensemble is required
to satisfy the experimental constraints, and thus the fast
conformational averaging which occurs in solution is
properly described.19,20 The resulting structures have
two orientations of the sugar substituent differing by
approximately 180° (Figure 6). One orientation, with
the vancosamine on the rare side of the molecule,
satisfies the 2e-G1 and 6e-V6 NOEs and is also in
agreement with the observation of a weak NOE between

Figure 4. Dihedral angle order parameters calculated for the structures resulting from the DG calculations of aglyco-vancomycin
and vancomycin.

Figure 5. Ramachandran maps of the φ and ψ torsions of
residues 3 and 4 of aglyco-vancomycin and vancomycin of the
resulting structures from the DG calculations.
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the 2e and V7 protons. In the second orientation, the
V6 methyl group is aligned in front of the aglycon and
V7 is above ring 6; this conformation fulfills the
observation of the G1-6e, 6e-V7, and 6b-V7 NOEs.
Therefore, assuming an ensemble of two conformational
families, and that the experimental observations are
averaged from this ensemble, the constraints are ful-
filled. To further refine the ensemble-generated struc-
tures, extensive MD simulations with explicit solvent
were carried out. Ensemble averaging of the experi-
mental constraints was not utilized during the MD
simulations. Instead, we carried out standard MD
simulations with eight different starting structures,
differing in the orientation of the sugar substituent and
the ψ3 and φ4 dihedral angles as observed in the
ensemble-based DG structures (Figure 5). Depending
on the starting structure, a different set of NOEs
between the disaccharide and aglycon was included in
the simulations; i.e., only the NOEs which are consistent
with the particular sugar orientation were included. The
two simulations starting with the side chain of Asn
aligned on the rare side of the molecule resulted in very
high-energy structures with distortions (the amide
bonds of residues 3 and 4 well-removed from planarity).
Therefore, the inclusion of important energetic features
(i.e., partial charges, Coulombic interactions, Lennard-
Jones attractive forces) in the structure determination
allows us to exclude this family of DG structures as
possible conformations of vancomycin in DMSO; they
will not be considered further. The other six simula-
tions resulted in two families of structures differing by
the positioning of the disaccharide (Figure 7). The
average distance restraint violation from the simula-
tions is between 0.09 and 0.1 Å; only one large NOE
violation (x2-w3 violated by 0.6 Å) was observed in all
of the simulations. This violation is discussed below.

Discussion

In Table 2 the average values for the dihedral angles,
calculated over the last 100 ps of the MD production
period of aglyco-vancomycin and vancomycin, are sum-
marized. The different orientations of the disaccharide

substituent with the V6 methyl group either in front or
on the rare side of the molecule are denoted as positions
1 and 2, respectively. The largest deviations of the
torsions from the average values during the MD pro-
duction period are 10°.
There are several notable differences between the two

conformational families of vancomycin and aglyco-
vancomycin. These will be discussed in terms of the
position of the sugar substituents, orientation of the
aromatic rings relative to the antibiotic backbone, and
alignment of the amide protons which participate in the
hydrogen-bonding network of the antibiotic complex
with the cell-wall precursor or form hydrogen bonds in
the antibiotic homodimer.
The most obvious difference between the two families

of vancomycin conformations is the position of the sugar
substituent, which is rotated by approximately 200°
about the glycosidic linkage of glucose ring 4 (Table 2).
In one conformation, the V7 methyl group lies above
ring 6 and the V6 methyl group in front of the glucose
ring 4 glycosidic linkage (Figure 7A,C). A similar
alignment of the vancosamine is observed in the crystal
structure of CDP-I 27 and in the complex of the vanco-
mycin with the tripeptide Ac-L-Lys(Ac)-D-Ala-D-Ala
studied in DMSO.5 In such an orientation, the V6
methyl group contributes to the formation of the hy-
drophobic binding pocket, which is formed between ring
2 and the ring 6 chlorine substituent.5 In the other
conformation, the vancosamine lies on the back of the
molecule (Figure 7B,D) with the methyl groups directed
away from the binding cleft. The two orientations of
the sugar substituent are similar to those in the crystal
structure of an asymmetric vancomycin dimer which has
recently appeared.28

The existence of two main conformations which differ
by a rotation of the ring 4 acylglucosamine substituent
was also observed for the gylcopeptide antibiotic teico-
planin.29 In one conformation, the hydrophobic face of
the glucose ring lies over the binding pocket and is
proposed to increase the binding through the hydropho-
bic effect. In contrast to vancomycin, the two orienta-
tions of the sugar substituent for teicoplanin are ob-
served for the free and bound forms.
Minor differences in the φ3 and φ4 dihedral angles

between the two conformations of vancomycin confirm
the flexibility of the backbone dihedral angles as ob-
served from the DG calculations. Moreover, the viola-
tion of the w3-x2 NOE in all vancomycin structures
indicates that the two preferred conformations are not
sufficient to fulfill all of the experimental observations.
Including a third conformation with w3 projecting away
from the carboxylate of the binding pocket, as is
observed for aglyco-vancomycin (discussed below), al-
lows for the fulfillment of this NOE. The presence of
this third conformation, the so-called â-pleated sheet
form of residues 2, 3, and 4, has been predicted for
vancomycin in DMSO.30 These authors proposed con-
formational flexibility in this portion of the molecule
based on the observation of mutually exclusive NOEs
and broad resonances of w2, w3, and w4 amide protons.
The two conformations of vancomycin also differ in

the region of residues 5 and 7 with the covalently linked
aromatic rings, which form the wall in the binding
pocket and are thought to turn the ligand toward the

Figure 6. Ramachandran map of the c4c-c4d-og1-cg1 and
c4d-og1-cg1-cg2 dihedral angles defining the orientation of
the disaccharide substituent relative to the antibiotic aglycon,
resulting from the ensemble-based DG calculations.
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Figure 7. Stereoview of the two conformations of vancomycin observed in DMSO: V6 methyl group in front, front view (panel
A), side view (panel C); V6 methyl on the rare side, front view (panel B), side view (panel D). Both conformers are present in
solution, and only by considering both can all of the NOEs be fulfilled.
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disaccharide region when forming the complex with the
antibiotic dimer.8 There are small variations of the φ7
and nw7-cx7-c7a-c7b dihedral angles between the
two families. There is a slight change in the orientation
of the w7 proton forming the hydrogen bond with the
carbonyl of the second D-Ala residue upon binding to
the cell-wall precursor. This amide is pointing toward
the binding pocket in all conformations. There are also
differences in the orientation of the ring composed of
residues 5, 6, and 7 relative to the core ring, which is
almost perpendicular in the conformation with the V6
methyl group in front of the molecule and more parallel
in the other (an orientation similar to that was observed
for aglyco-vancomycin).
The effect of the vancosamine position on the vanco-

mycin rigid framework is illustrated in Figure 8. The
molecules are viewed from the top of the aglycon, edge
on with aromatic ring 4 (the sugar substituent removed
for clarity). The conformations differ in the orientation
of the antibiotic backbone, which affects the position of
atoms forming the hydrophobic pocket of the molecule.
These changes are expressed in differences of the c2c-
c2d-o2d-c4c, c2d-o2d-c4c-c4b, c4d-c4e-o6d-c6d,
and c6c-c6d-o6d-c4e dihedral angles (see Table 2). In
the conformation with the vancosamine oriented above
the binding pocket, the peptide backbone projects at an
angle of approximately -30° from ring 4 (Figure 8A).
In the conformer with the sugar on the other side, the
peptide backbone aligns almost perfectly with ring 4
(Figure 8B). In contrast, the conformation of aglyco-

vancomycin has the peptide backbone projecting at an
angle of approximately 30° (Figure 8C).
The different alignment of the side chain of Asn-3

observed between vancomycin and aglyco-vancomycin
is in complete agreement with the different NOEs for
this residue (Figure 3). In aglyco-vancomycin, the side
chain is closer to ring 2 and lies above the plane of the
backbone (Figure 9). In both conformational families
of vancomycin, the side chain lies below the plane of
the backbone. The participation of the side chain of
Asn-3 in intramolecular hydrogen bonds is not signifi-
cant: the hydrogen bond between the carbonyl and the
w4 amide proton was observed in only three of the MD
simulations and then for only 25% or less of the MD
production period. The Asn-3 side chain was found to
be biologically important,31 and participation of the side
chain amide in the hydrogen-bonding network for the
recognition of the carboxylate of the cell-wall precursor
has been identified.8 On the other hand, in the crystal
structure of the vancomycin dimer/acetate complex, only
the intramolecular hydrogen-bonding interaction be-
tween the Asn-3 side chain and the w3 and w4 amide
protons was observed.28 All MD structures have an
Asn-3 ø1 of 180°. However, the fact that no NOE
between the hw4 and h3aS is observed indicates that
the other rotamers are probably populated as well. The
extraction of coupling constants which would help define
the conformation of the side chain resulted in very
inaccurate values because of broad resonances of the
corresponding protons.

Table 2. Average Dihedral Angles (deg) from the NOE-Restrained MD Simulations of Aglyco-vancomycin and Vancomycina

vancomycin sugar
at position 1

vancomycin sugar
at position 2

torsion aglyco-vancomycin 1 2 3 1 2 3

residue 2
φ -177 70 68 120 73 75 119
ψ -150 69 66 75 71 68 73
nw2-cx2-cz2-c2a -172 -85 -88 -85 -88 -86 -84
cx2-cz2-c2a-c2b -98 -124 -117 -123 -123 -118 -119

residue 3
φ -171 -123 -130 -126 -115 -126 -123
ψ -116 -107 -106 -114 -110 -106 -106

residue 4
φ 109 151 150 146 123 129 121
ψ -148 -126 -128 -129 -133 -135 -136

residue 5
φ 146 146 148 143 149 144 146
ψ -143 -153 -150 -154 -141 -147 -146
nw5-cx5-c5a-c5b 126 121 122 120 132 128 128

residue 6
φ -99 -98 -98 -100 -98 -99 -100
ψ 134 142 141 140 136 140 138
nw6-cx6-cz6-c6a -61 -68 -67 -66 -62 -61 -62
cx6-cz6-c6a-c6b -78 -65 -66 -67 -76 -75 -76

residue 7
φ -73 -93 -90 -98 -81 -82 -81
nw7-cx7-c7a-c7b -86 -70 -75 -54 -87 -82 -84

interresidue
c2c-c2d-o2d-c4c 98 75 78 71 81 88 79
c2d-o2d-c4c-c4b -11 31 23 32 4 -7 2
c4d-c4e-o6d-c6d 170 -132 -132 -138 -175 -164 -174
c6c-c6d-o6d-c4e 81 48 49 52 74 69 74
c5b-c5c-c7b-c7c -109 -104 -108 -103 -111 -108 -108
c4c-c4d-og1-cg1 136 135 134 -62 -60 -67
c4d-og1-cg1-cg2 -168 -168 -167 -172 -178 -175
cg1-cg2-ov1-cv1 139 140 136 139 139 138
cg2-ov1-cv1-cv2 -172 -171 -172 -171 -172 -171

a The numbers 1, 2, and 3 denote different starting structures chosen from the families of DG structures of vancomycin (run with two
different orientations of the disaccharide substituent).
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Another difference in the conformations of vancomy-
cin and aglyco-vancomycin concerns the hydrogen-
bonding network in the binding to the cell-wall precur-
sor and formation of the antibiotic dimer. As illustrated
in Figure 8 there is a different alignment of the w3
amide, which forms hydrogen bonds with the carboxy-

late of the cell-wall precursor. In the conformation of
aglyco-vancomycin, the w3 amide is pointing in an
unfavorable direction for the formation of this hydrogen
bond. There are also variations in the alignment of the
other two amide protons, w2 and w4, and the c3
carbonyl, which participate in intermolecular hydrogen-

Figure 8. Illustration of the conformational differences of the central aromatic ring, ring 4, with respect to the peptide
backbone: (A) vancomycin with V6 methyl group in front, (B) vancomycin with V6 methyl group on the rare side, and (C) aglyco-
vancomycin. The view is from the top of the aglycon, looking edge on to ring 4. The peptide backbone is oriented at approximately
-30° in A, is almost parallel in B, and approximately 30° for aglyco-vancomycin (C).

Figure 9. Stereoview of the conformation of aglyco-vancomycin observed in DMSO. The orientation is the same as that used for
the two conformations of vancomycin depicted in Figure 7.
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bonding. This carbonyl forms a hydrogen bond with the
w6 amide of another molecule in the antibiotic dimer.

Conclusions

The effect of the sugar substituent in the formation
of antibiotic dimers and in the complexation with cell-
wall peptides has been extensively studied.5,13,16,32 The
sugar substituent greatly enhances the dimerization of
the antibiotic, which coupled with the cooperative effect
between dimerization and cell-wall binding14 indicates
a pharmacologically important role for the glycosylation
of the antibiotics. The observed reduction in cell-wall
binding upon the removal of the amino sugar has been
attributed to the V6 methyl group which contributes to
the hydrophobic binding pocket of vancomycin.5,30

Our results indicate that the disaccharide substituent
leads to significant conformational changes of the
antibiotic aglycon. The sugars affect the orientation of
the aromatic rings with respect to the antibiotic back-
bone and influence the alignment of the amide protons
important for dimerization and cell-wall binding. An-
other important effect is the introduction of mobility in
the antibiotic aglycon. Two conformational families of
vancomycin, differing in the positioning of the van-
cosamine substituent, were observed. In contrast, only
one preferred conformation was observed for aglyco-
vancomycin. It seems that the sugar substituent in-
troduces mobility into the rigid framework of the
antibiotic by a dynamic process of switching positions
between the front and back sides of the molecule. This
may be important in the molecular recognition process
and enable the appropriate conformational changes
required for the antibiotic to bind to the cell-wall. The
alignment of the amide protons in the conformation of
aglyco-vancomycin is unfavorable for complexation with
the cell-wall precursor; this could be another factor
leading to the reduced biological activity of the aglyco-
vancomycin in comparison to vancomycin.
While this manuscript was in preparation, the crystal

structure of an asymmetric vancomycin dimer was
published.28 In contrast to our results, the core of the
molecule was observed to be structurally rigid. How-
ever, the crystal-packing forces and the interaction
between the two monomers, as well as the interaction
between the sugar substituents in the dimer, can reduce
the mobility of the molecule. The structures of vanco-
mycin from the study here and in the crystal are similar,
particularly with regard to the two possible orientations
of the sugar, alignment of the peptide backbone, and
position of the side chain of Asn-3. The major difference
is the relative orientation of the macrocyclic ring
composed of residues 5, 6, and 7. In the crystal, this
macrocycle is more parallel relative to the core ring, in
contrast to a more orthogonal orientation in solution.
Another difference between the X-ray and solution
structures is the asymmetry of the monomers within
the molecular dimer: the average pairwise rmsd of the
50 atoms of the three macrocyclic rings composed of
residues 2-3-4, 4-5-6, and 5-6-7 for the two mono-
mers in the X-ray structure is 0.18 Å, while a value of
0.8 Å is observed in solution. The asymmetry in
solution is therefore slightly greater than that observed
in the solid state.

Materials and Methods

Nuclear Magnetic Resonance. NMR spectra were re-
corded on Varian INOVA 600-MHz and Bruker DPX 300-MHz
spectrometers in DMSO-d6 at 298 K. The sample concentra-
tions were 2 mM. The DQF-COSY33 and 1H-13C HSQC34,35

experiments were performed with gradients. The TOCSY36,37

and NOESY38 experiments were recorded using standard pulse
sequences in the phase-sensitive mode. The TOCSY spectra
were recorded with an MLEV-1737 mixing sequence of 60 ms
and a 10-kHz spin-lock field strength. NOESY spectra were
measured at six different mixing times (50, 100, 150, 200, and
250 ms) for vancomycin and two (50 and 150 ms) for the aglyco-
vancomycin. The 1H sweep width was 6662 at 600 MHz.
Typically, the homonuclear proton spectra were acquired with
4096 data points in t2, 16-64 scans, 256-512 complex points
in t1, and a relaxation delay of 1-1.5 s. The 1H-13C HSQC
spectra were recorded with 2048 data points in t2, 64 scans
per increment, 128 complex points in t1, and a relaxation delay
of 1 s. The 13C spectral width was 23 795 Hz at 600 MHz.
Data were processed and analyzed with FELIX software
package from Biosym Technologies. Spectra were zero-filled
two times and apodizied with a squared sine bell function
shifted by π/2 in both dimensions. Distances were calculated
from cross-peak volumes in NOESY spectra by the routine
within the FELIX program. The pseudoatom correction was
added for the methyl groups, and the (10% was applied to
the distance, to produce the upper and lower limit constraints.
Distance Geometry. DG calculations were carried out

using a home-written program based on the random metriza-
tion algorithm;18 100 structures were generated by choosing
the distances randomly between upper and lower bound
constraints determined from holonomic and experimental NOE
constraints. The structures were first embedded in four
dimensions and then partially minimized by conjugate gradi-
ent minimization. The structures were further refined by
distance-driven dynamics (DDD)39 beginning at 500 K for 100
ps and then with a gradual reduction in temperature over the
next 50 ps. The holonomic and experimental distance con-
straints and a chiral penalty function were used for the
generation of violation energy and forces in the DDD proce-
dure. Three-dimensional coordinates were created by the
EMBED algorithm40 and then the optimization and DDD
procedures repeated. The floating chirality DG calculations24
were carried out by removal of the chiral constraint on the
asparagine side chain so that the methylene protons were free
to switch prochiral positions. The ensemble calculations were
identical with those for the DDD method, except that the
penalty expression for the experimental restraints and the
forces are generated from an ensemble average.19,20,41

Molecular Dynamics. MD simulations were performed
with DISCOVER (consistent valence force field) and INSIGHT
II from Biosym Technologies. Several simulations with dif-
ferent starting structures for both antibiotics, picked from the
families of DG structures, were carried out in DMSO.21 The
molecule with all atoms treated explicitly was centered in a
cubic box (x ) y ) z ) 40 Å) using three-dimensional periodic
boundary conditions. The dielectric constant was set to 1.0.
Neighbor lists for calculation of nonbonded interactions were
updated every 10 fs within a radius of 14 Å. The actual
calculation of nonbonded interactions was carried out up to a
radius of 12 Å without use of switching functions. A time step
of 1 fs was employed for the MD simulation. The simulation
protocol consisted of two minimization cycles (steepest descent
and conjugate gradients), first with the solute fixed and then
with all the atoms allowed to move freely. The convergence
criterion was 1 kcal Å-1. The initial MD phase of the
calculation involved a gradual heating, starting from 100 K
and then increasing to 150, 200, 250, and finally 300 K in steps
of 0.5, 0.5, 5, 1, and 5 ps, respectively, each by direct scaling
of the velocities. The NMR-derived distance restraints with
a force constant of 10 kcal mol-1 Å-1 were applied during the
complete simulation. Configurations were saved every 1 ps
for another 200 ps of dynamics. The last 100 ps of the
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trajectory was used for analysis of NOE distance violations
and dihedral angles.
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