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The emergence of resistance to vancomycin and related glycopeptide
antibiotics is spurring efforts to develop new antimicrobial therapeutics.
High-resolution structural information about antibiotic–ligand recognition
should prove valuable in the rational design of improved drugs. We have
determined the X-ray crystal structure of the complex of vancomycin with
N-acetyl-D-Ala-D-Ala, a mimic of the natural muramyl peptide target, and
refined this structure at a resolution of 1.3 Å to R and Rfree values of 0.172
and 0.195, respectively. The crystal asymmetric unit contains three back–
back vancomycin dimers; two of these dimers participate in ligand-
mediated face–face interactions that produce an infinite chain of molecules
running throughout the crystal. The third dimer packs against the side of a
face–face interface in a tight “side–side” interaction that involves both polar
contacts and burial of hydrophobic surface. The trimer of dimers found in
the asymmetric unit is essentially identical to complexes seen in three other
crystal structures of glycopeptide antibiotics complexed with peptide
ligands. These four structures are derived from crystals belonging to
different space groups, suggesting that the trimer of dimers may not be
simply a crystal packing artifact and prompting us to ask if ligand-mediated
oligomerization could be observed in solution. Using size-exclusion
chromatography, dynamic light scattering, and small-angle X-ray scatter-
ing, we demonstrate that vancomycin forms discrete supramolecular
complexes in the presence of tripeptide ligands. Size estimates for these
complexes are consistent with assemblies containing four to six vancomycin
monomers.
© 2008 Elsevier Ltd. All rights reserved.
Keywords: X-ray crystallography; glycopeptide antibiotics; antibiotic resis-
tance; vancomycin; small-angle X-ray scattering
Edited by I. Wilson
Introduction

Vancomycin has long functioned as an antibiotic
of last resort, reserved for treating infections caused
by bacteria resistant to more commonly used drugs.
However, vancomycin resistance is becoming wide-
spread, meaning that the drug will inevitably lose its
utility.1 New drugs will be required to replace it, and
considerable effort is being expended to develop
improved versions of vancomycin or related glyco-
peptide antibiotics. A thorough structural and
ess:
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mechanistic understanding of how these drugs
recognize their targets will aid in the rational design
of new therapeutics.
Vancomycin acts by interfering with bacterial cell

wall biosynthesis.2 It affects cell wall production at
both the transglycosylase step, in which disacchar-
ide building blocks are transferred to the growing
glycan chain,3,4 and the transpeptidase step, in
which different peptidoglycan strands are cross-
linked.5,6 Vancomycin can block the transglycosy-
lase step by sequestering the substrate of the
transglycosylation enzyme7 and/or by steric block-
ade of the enzyme's access to the growing glycan
chain.8 The drug blocks the transpeptidation step by
sequestering the muramyl peptide that is a substrate
for the transpeptidase reaction. The details of
muramyl peptide binding by vancomycin have
d.
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been examined using solution NMR,9 and a number
of high-resolution crystal structures are available
that show vancomycin in complex with small
mimetics of the muramyl peptide.10–13 The antibiotic
recognizes the three C-terminal residues of the
muramyl peptide (Lys-D-Ala-D-Ala). The presence
of additional residues N-terminal to this tripeptide
does not alter the binding affinity, indicating that the
tripeptide comprises all of the antibiotic binding
determinants.14 Many of the known types of
vancomycin resistance, including VanA, VanB, and
VanD, alter the structure of the drug's target so as to
reduce its binding affinity, for example, by replacing
the normal muramyl peptide with a depsipeptide
containing a C-terminal D-lactate.15,16 This small
change reduces vancomycin affinity for its target by
3 orders of magnitude.
Vancomycin is known to form noncovalent

dimers,17–20 sometimes referred to as back–back
dimers, since the dimerization surface is on the
opposite side of the molecule from the ligand
binding pocket. Dimerization and ligand binding
are cooperative in vancomycin and many related
glycopeptide antibiotics,21 and it seems likely that
the increased avidity of ligand recognition by the
dimer enhances biological activity. This observation
has prompted efforts to produce covalently linked
multivalent forms of the drug in the hopes of
developing variants of vancomycin with increased
activity against vancomycin-resistant strains
(reviewed in Li and Bu22). Certain covalent dimers
have been found to be significantly more potent
against vancomycin-resistant enterococci than is
vancomycin itself.23–29 The structural basis of the
enhanced activity of multimeric vancomycin deri-
vatives is not yet understood, but it is intriguing to
note that vancomycin and related drugs can
assemble within crystals into supramolecular
drug–ligand assemblies in which intermolecular
interactions are mediated in part by the muramyl
peptide ligands.12,30 If the packing interactions that
control oligomerization in the crystalline phase
prove to be similar to the interactions that contribute
to the enhanced activity of the multivalent vanco-
mycin derivatives, then rational engineering of these
molecular interfaces may represent a path to
improved therapeutics.
Since vancomycin shows maximum affinity for a

tripeptide ligand, but no published structure was
available for such a complex, we chose to determine
the X-ray crystal structure of the complex of the
drug with the tripeptide analog N-acetyl-D-alanine-
D-alanine (N-Ac-D-Ala-D-Ala). This structure,
reported herein, reveals the presence of supramole-
cular drug–ligand complexes that are essentially
identical to those seen in crystal structures of other
glycopeptide antibiotic–ligand complexes. The same
supramolecular structure occurs in crystals belong-
ing to different space groups, suggesting that its
formation is not merely an artifact of crystallization.
This observation prompted us to ask whether such
ligand-mediated oligomerization events might also
occur in solution. We demonstrate by a variety of
biophysical methods that vancomycin assembles
into oligomeric structures in solution in a ligand-
dependent manner.
Results

Crystal structure: Overall features

The crystal asymmetric unit contains six mono-
mers, referred to as V1, V2, …, V6, as described
previously;10 monomers 1–6 correspond to chain
designations A–F, respectively, in the coordinate file.
The individual peptide residues composing each
vancomycin monomer will be denoted as follows:
V1:1, residue 1 of monomer V1; V4:5, residue 5 of
monomer V4; etc. The six monomers are arranged as
three back–back dimers: V1–V2, V3–V4, and V5–V6.
A peptide ligand is found in the binding site of all six
monomers. Two of the back–back dimers (V1–V2
and V3–V4) form a ligand-mediated face–face
interaction between V2 and V4 (Fig. 1). The V1
Fig. 1. Stereo view of the con-
tents of the crystal asymmetric unit.
Six vancomycin monomers are
shown in a space-filling representa-
tion; each monomer is colored
differently (red, green, yellow, pur-
ple, magenta, and cyan). The tri-
peptide ligands of each monomer
are shown in ball-and-stick models,
colored by element (carbon, gray;
oxygen, red; nitrogen, blue). Fig-
ures 1 and 3–5 were made using
PyMOL (DeLano, W. L., The
PyMOL Molecular Graphics Sys-
tem (2002); http://www.pymol.
org).
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and V3 monomers form face–face interactions with
symmetry-related copies of each other, thereby
forming a kinked infinite chain of vancomycin
monomers connected by alternating back–back
and face–face interactions (Fig. 2). This chain runs
roughly parallel with the b-axis of the crystal unit
cell. The third back–back dimer, V5–V6, is packed
against the side of this chain at the point where V2
and V4 are joined in a face–face interaction. On its
opposite side, the V5–V6 dimer packs against a
symmetry-related copy of itself and thereby con-
nects adjacent chains of V1–V2 and V3–V4 dimers.
This interaction represents the major crystal packing
interaction in the x–z plane.
The six monomers in the asymmetric unit form a

structure containing approximate 2-fold symmetry.
This 2-fold pseudosymmetry axis passes through
the V2/V4 face–face interface and the V5–V6 back–
back interface (Fig. 2); it relates molecules V1 to V3,
V2 to V4, and V5 to V6. The entire hexameric
asymmetric unit can be rotated around this 2-fold
axis and superimposed on itself with an RMS
difference of 0.26 Å in Cα positions. The arrange-
ment of carbohydrate residues on V1–V2 and V3–V4
is consistent with this 2-fold symmetry; however,
the carbohydrates on the V5–V6 dimer do not obey
the 2-fold symmetry, as is typical for back–back
vancomycin dimers. 31

The spatial arrangement of the six monomers in
the asymmetric unit of this crystal almost exactly
recapitulates structures found in crystals of several
other ligand complexes of glycopeptide antibiotics.
Specifically, similar hexameric structures can be
Fig. 2. Schematic representation of the complex of six
vancomycin monomers that compose the crystal asym-
metric unit, showing the numbering scheme for the
different monomers. The point of view and color coding
are the same as for Fig. 1. The various types of interfaces
found in the hexamer are labeled (back–back, face–face,
side–side). The internal 2-fold axis of pseudosymmetry is
shown in gray. The positions of symmetry-related copies
of monomers 1 and 3 are also shown (in white) and are
labeled 1′ and 3′.
found in two different crystal forms of balhimycin
complexed with cell wall peptides30 and in an
unpublished structure of vancomycin in complex
with the diacetyl-Lys-D-Ala-D-Ala tripeptide†. The
hexameric assemblies from any of these four crystal
structures can be superimposed on one another with
pairwise RMS differences in Cα positions ranging
from 0.3 to 0.7 Å. None of these other crystals is
isomorphous with or belongs to the same space
group as the crystals described herein (Table 1). Yet
another crystal form has been reported for vanco-
mycin in complex with N-Ac-D-Ala-D-Ala;32 while
no structure determination has been reported for
these crystals, it is interesting to note that the
asymmetric unit is calculated to contain 12 vanco-
mycin–ligand units, which is exactly the correct size
to correspond to two copies of our hexameric
assembly.

Conformations of the antibiotic molecules

As has previously been observed for vancomycin,
the back–back dimers in this structure are all
asymmetric.31 The macrocyclic peptide cores of the
two monomers forming each back–back dimer
adopt approximate C2 symmetry, but this symmetry
is violated by the two disaccharide groups of the
dimer, which pack side by side in a parallel manner.
Because the carbohydrate groups form part of the
ligand binding pocket, the two binding sites in the
back–back dimers are therefore nonequivalent.
The nonequivalence of the halves of the dimer

translates into small differences in conformation.
Superposition of the aglycon portions of the halves
of a back–back dimer yields RMS differences of 0.5–
0.8 Å in atomic positions. However, monomers with
equivalent sugar positions from different back–back
dimers are more similar. V1 and V3 are equivalent in
that they both have a vancosamine sugar over-
hanging their ligand binding site; similarly V2 and
V4 are equivalent. Superposition of either V1 with
V3 or V2 with V4 yields RMS differences of
approximately 0.1 Å in atomic positions. Interest-
ingly, V5 and V6, the two monomers that are not
involved in the stack of alternating back–back and
face–face monomers, are intermediate in their con-
formations. The vancosamine position makes V5
equivalent to V2 and V4, while V6 is equivalent to V1
and V3. Superposition of either V5 or V6 on V1 or V2
gives RMS differences of 0.4–0.8 Å; V5 superposition
onto V6 gives an RMS difference of 0.4 Å.
These differences reflect varying degrees of open-

ness of the ligand binding site. The macrocyclic core
†PDB accession numbers 1HHZ and 1GO6 (balhimy-
cin) and 1FVM (vancomycin). In 1HHZ, the asymmetric
unit contains three monomers, and the hexameric unit
that is homologous with our asymmetric unit is generated
by crystal symmetry. In 1GO6, the asymmetric unit
contains a fourth dimer, in addition to the three that are
homologous with our asymmetric unit. The asymmetric
unit in 1FVM is identical to the asymmetric unit in our
crystals.



Table 1. Different crystal forms containing similar supramolecular antibiotic−ligand complexes

PDB ID Crystal contents Space group Unit cell

This structure Vancomycin+Ac-D-Ala-D-Ala C2221 a=66.1, b=71.9, c=48.4
1FVM Vancomycin+Lys-D-Ala-D-Ala P212121 a=35.6, b=36.4, c=65.7
1GO6 Balhimycin+Lys-D-Ala-D-Ala P21212 a=88.9, b=28.0, c=50.7
1HHZ Balhimycin aglycon+Ala-Glu-Lys-D-Ala-D-Ala P3221 a=48.3, b=48.3, c=39.3
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of the antibiotic adopts a concave structure that
curves around the ligand. The V2 and V4 structures
close tightly around the ligand, whereas the binding
pocket of V1 and V3 is more open (Fig. 3). As
predicted by the superposition calculations, V5 and
V6 adopt conformations intermediate between V2/
V4 and V1/V3.
Residue 1 adopts different conformations in each

of the six vancomycin monomers in the asymmetric
unit. V1:1 and V3:1 adopt similar conformations;
V2:1 and V4:1 adopt a different conformation, but
are similar to one another (Fig. 3). As is the case with
the conformation of the core macrocycle, residues
V5:1 and V6:1 adopt conformations that are similar
to one another and intermediate between the V1/V3
conformation and the V2/V4 conformation.
Based on the conformations of the core macrocycle

and residue 1, the six vancomycin monomers in the
asymmetric unit can be divided into three con-
formational categories: V1/V3, V2/V4, and V5/V6.
These different conformations reflect the positions
occupied by the monomers in the hexamer. V1 and
V3 lie at the ends of the stack and form face–face
interactions with symmetry-related copies of each
other. This interaction shows almost perfect 2-fold
rotational symmetry. Similarly V2 and V4 partici-
pate in a face–face interaction in the center of the
stack, which also shows almost perfect C2 symme-
try. V5 and V6, in contrast, do not form any face–face
interactions. They do, however, form a significant
side–side interaction with V2 and V4. This tight
interaction with the symmetric V2/V4 pair may
impose some symmetry on the V5/V6 pair.
Fig. 3. The superposition of monomers 1, 2, and 5
(shown in red, black, and gray, respectively). The
carbohydrate moieties have been omitted for clarity.
Ligand binding

The ligandN-Ac-D-Ala-D-Ala is a tripeptidemimetic
in which the N-acetyl group replaces the tripeptide's
N-terminal residue. Increasing the length of the ligand
peptide beyond three residues does not change the
ligand's affinity for vancomycin;14 hence, it appears
likely that the antibiotic–ligand interactions seen in
this crystal structure represent the full complement of
interactions that can be formed between vancomycin
and its natural muramyl peptide ligand. The ligand
lies in the binding site in an extended conformation
and participates in an extensive pattern of hydrogen
bonding with the antibiotic, forming interactions
essentially identical to those seen in the balhimycin–
tripeptide and balhimycin–pentapeptide complexes.30

The C-terminal carboxylate group forms hydrogen
bonds with the peptide amide nitrogen atoms of
vancomycin residues 2, 3, and 4; the amide nitrogen of
the C-terminal D-Ala residue hydrogen-bonds with
the peptide carbonyl of residue 5 (this is the hydrogen
bond that is disrupted when resistant bacteria
incorporate D-lactate into their cell wall peptides in
the place of D-Ala); and the acetyl carbonyl oxygen
hydrogen-bondswith the amide nitrogen of residue 5.
The first four of these hydrogen bonds have been
observed in crystal structures of vancomycin and its
congeners with small cell wall mimetics, but the fifth
hydrogen bond is possible only with tripeptides or
larger ligands.

Face–face interactions

In addition to forming hydrogen bonds with the
vancomycin monomer to which they are bound, the
ligands in V1, V2, V3, and V4 also form hydrogen
bonds across the face–face interface.
In the V2–V4 face–face dimer, each ligand forms

two antiparallel β-type hydrogen bonds with the
opposing ligand (Fig. 4), linking the carbonyl
oxygen and amide nitrogen atoms of the penulti-
mate D-Ala residues. In addition, a hydroxyl group
from the resorcinol ring of the opposing vancomycin
molecule hydrogen-bonds to a carboxylate oxygen
of the ligand's C-terminal residue. Each ligand
forms a total of eight hydrogen bonds, five to the
vancomycin monomer to which it is bound and
three more across the face–face interface. The angle
between the two facing ligand strands is approxi-
mately 220°.
In the V1–V3 face–face dimers, this basic pattern

of hydrogen bonding is retained. However, the
angle between the facing peptide ligands is more
pronounced, and the face–face interaction is kinked



Fig. 4. Stereo view of the face–face interface formed by V2 (bottom, green) and V4 (top, yellow). The two ligands are
shown in ball-and-stick representation. Hydrogen bonds between a ligand and the vancomycin molecule to which it is
bound are shown in red; hydrogen bonds across the face–face interface are shown in black. For the sake of clarity, the
disaccharide moiety of V2 has been omitted. The disaccharide moiety of V4 is shown, with the glucose and vancosamine
sugars labeled G and V, respectively. Rotating the molecules shown in this figure by approximately 30° about a vertical
axis would result in an orientation similar to that shown in Fig. 1.
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relative to that seen between V2 and V4. This kink
precludes a direct hydrogen bond between the
resorcinol hydroxyl and the carboxylate of the
facing ligand; instead, a water molecule bridges
these two atoms. The kink may be due purely to
crystal packing considerations, or it may reflect the
different carbohydrate structures present at the V1–
V3 and V2–V4 interfaces: A glucose overhangs the
V2/V4 ligand binding site, whereas in V1 and V3,
the vancosamine sugar lies atop the binding site.
The hydrogen bonds that define the face–face

interaction between V2 and V4 are very similar to
those seen in the two balhimycin complexes with
cell wall mimetics30 and the Protein Data Bank
(PDB) structure 1FVM. This interface is therefore
likely to represent a general mode of oligomeriza-
tion for vancomycin complexes with cell wall
peptides. On the other hand, the V1–V3 face–face
interaction is not found in any other crystal structure
of which we are aware and hence is more likely to
represent a variant of the face–face interaction that
has been imposed by crystal packing. The surface
area buried upon formation of both face–face
interactions is significant (more than 15% of the
total surface area of the monomer) and approaches
the area buried during the formation of back–back
dimers. The V1–V3 and V2–V4 face–face dimers
bury 266 and 229 Å2 of surface area, respectively; by
comparison, the areas buried by formation of the
V1–V2 and V3–V4 back–back dimers are 281 and
278 Å2, respectively.
The first reported face–face dimer of vancomycin

was found in the crystal structure of the vancomycin
complex with N-Ac-D-Ala.12 While this structure
first suggested the possibility that face–face interac-
tions may contribute to ligand recognition by
glycopeptide antibiotics, it differs significantly
from the structures that form in the presence of
more physiologically relevant ligands. The distance
between facing antibiotic molecules is similar in the
N-Ac-D-Ala structure and the structures described
here; however, in the V2–V4 and V1–V3 face–face
dimers, the two facing monomers lie directly
opposite one another, whereas the facing monomers
in theN-Ac-D-Ala structure are offset with respect to
each other, which prevents the two facing ligands
from interacting directly. This is not surprising,
given that the N-Ac-D-Ala ligand is unable to form
the two antiparallel hydrogen bonds that link the
tripeptide and longer ligands.

Side–side interactions

In addition to the face–face interactions that link
the V1–V2 and V3–V4 dimers, the V5–V6 dimer
forms a “side–side” interaction with the other two
dimers, making a tight contact with the edge of V2–
V4 face–face dimer. This interaction is not ligand-
mediated in the way the face–face interaction is,
since none of the intermolecular contacts involve
ligand atoms. However, in order for this side–side
interaction to occur, the ligand-mediated V2–V4
face–face dimer must be in place. Hence, one would
not expect the side–side interaction to form in the
absence of ligand.
The side–side interaction is mediated by five pairs

of hydrogen bonds and an aromatic–amine interac-
tion, as well as by impressive shape complementar-
ity between the V5–V6 back–back dimer and the V2–
V4 face–face dimer (Fig. 5). The asparagine side
chains of V6:3 and V4:3 form a hydrogen bond, as
do the asparagine side chains of V5:3 and V2:3. The
side chain amino group of V2:3 lies 3.5 Å from the
centroid of the aromatic ring of the side chain of
V5:5, approaching the ring plane in a nearly
perpendicular fashion to form an aromatic–amine
interaction.33 Similar interactions occur between
V4:3 and V6:5. The phenolic hydroxyl group of
V5:5 forms a hydrogen bond with one of the
phenolic hydroxyl groups of the resorcinol ring of



Fig. 5. Stereo views of the side–side interaction. (a) Hydrogen-bonding interactions between V4 (yellow) and V6
(cyan), shown as dashed lines. Similar interactions occur between V2 and V5. The peptide ligands bound to the individual
vancomycin monomers are shown in ball-and-stick representation. (b) The interaction surface between the V2–V4 face–
face dimer and the V5–V6 back–back dimer. V2 and V4 are shown in surface representation and are colored yellow and
green, respectively. The V5 and V6 monomers are shown in a stick representation and are colored magenta and cyan,
respectively. The V2–V4 dimer contains a deep cleft along one side, and the aromatic side chains of residues 5 and 7 of V5
and V6 insert into this cleft. A slightly wider cleft exists between the side chains of residues 3 and 5 of V5 and V6, and the
side chains of V2:3 and V4:3 pack into these clefts, respectively.

205Vancomycin Forms Ligand-Mediated Supramolecular Complexes
V2:7. A similar interaction is formed between V6:5
and V4:7. Close hydrogen bonds occur between the
C-terminal carboxylate of V6 and the phenolic
hydroxyl group of V4:5 as well as between the C-
terminus of V5 and V2:5. Finally, weak hydrogen
bonds can be seen between the asparagine side
chains of V2:3 and V4:3 and the backbone carbonyl
oxygen atoms of V5:4 and V6:4 respectively, as well
as between the asparagine side chains of V5:3 and
V6:3 and the backbone carbonyl oxygen atoms of
V2:2 and V4:2, respectively. The surface area buried
in the side–side interaction is quite large, 621 Å2,
more than twice the surface area buried in forming
either the face–face or back–back dimers. Approxi-
mately half (48%) of the buried area represents
buried carbon atoms and hence is hydrophobic in
nature.

Oligomer formation in solution

Our first observation suggesting that vancomycin
behavior changes upon ligand addition was made
during crystallization experiments. Vancomycin and
the peptide ligand are both very soluble in water.
However, when concentrated aqueous solutions of
the two were mixed, the complex precipitated; this
same phenomenon has previously been demon-
strated by other workers.34 After the structure was
determined, the large surface areas buried for the
face–face and side–side interactions, along with the
fact that highly similar packing arrangements are
observed in other vancomycin and balhimycin
crystals, led us to test more directly whether
ligand-mediated oligomerization of vancomycin
occurs in solution. We first used size-exclusion
chromatography to monitor differences in hydro-
dynamic radius (Rh) in the presence and absence of
the N-Ac-Lys-D-Ala-D-Ala tripeptide ligand (the
tripeptide ligand was used because the resulting
complex is more soluble than that formed between
vancomycin and N-Ac-D-Ala-D-Ala). Vancomycin
was preincubated with ligand and then run on a
column equilibrated with ligand-containing buffer.
In the presence of ligand, vancomycin eluted much
earlier than ligand-free vancomycin (Fig. 6). Even at
the lowest vancomycin concentrations assayed, the
apparent Rh is much larger than that observed in the
absence of ligand. Increasing vancomycin concen-
tration gives rise to the formation of even larger
species. In the absence of ligand, some concentration-



Fig. 7. Small-angle X-ray analysis of ligand-mediated
vancomyin oligomerization. Scattering curves are shown
for vancomycin in the presence (blue) and absence (red) of
its tripeptide ligand. Inset: Pair correlation functions
obtained from GNOMIN fits of the scattering data; blue,
vancomycin+ligand; red, vancomycin alone.

Fig. 6. Size-exclusion chromatography reveals an
increase in vancomycin hydrodynamic radius in the
presence of a tripeptide ligand. (a) Chromatograms
obtained for three different injected concentrations of
vancomycin in the absence of ligand. Species 3 represents
the average elution volume for ligand-free vancomycin.
(b) Chromatograms obtained for three different vanco-
mycin concentrations when the column is preequilibrated
with 100 μMof the tripeptide ligand. Two species (1 and 2)
are seen, with increased vancomycin concentration favor-
ing species 1 over 2. (c) Estimation of approximate
hydrodynamic radii for the species observed in (a) and
(b). Kd values for six standard proteins and peptides are
shown as triangles, with the line representing the least-
squares fit to these points. The arrows mark the Kd values
for species 1–3.
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dependent increase in Rh is evident and probably
reflects dimerization;35 however, this effect is minor
when compared to the effect of ligand addition.
Similar changes in Rh were seen with three different
chromatographic matrices.
It is challenging to estimate the hydrodynamic radii
of the vancomycin oligomers from the size-exclusion
data, since these species fall at the extreme small end
of the useful fractionation range for most commer-
cially available matrices. With the caveat that the
molecular weight estimates obtained from these
experiments should be considered crude approxima-
tions, comparison with molecular weight standards
suggests a molecular weight of approximately 5000
for the ligand-free species (Fig. 6), compared to an
expected value of 3000 for the dimer. The larger
species seen in the presence of ligand elute at volumes
consistent withmolecular weights of 7000 and 10,000;
these values may be compared with calculated
molecular weights for tetramers and hexamers of
6000 and 9000, respectively.
We used dynamic light scattering (DLS) to gain an

independent assessment of the effect of ligand on
vancomycin's oligomerization state. These measure-
ments yielded estimated Rh values of 1.1 nm in the
absence of ligand, increasing to 1.8 nm in the presence
of ligand. Both conditions gave unimodal estimated
Rh distributions with low to modest polydispersity.
We then turned to small-angle X-ray scattering

(SAXS) to further characterize the vancomycin–
peptide complex. Diffraction measurements were
made from concentrated solutions of vancomycin
(2.5 mM) in the presence and absence of an excess of
the N-Ac-Lys-D-Ala-D-Ala tripeptide ligand. A clear
difference in the size of the scattering species could
be observed (Fig. 7). The radius of gyration
estimated from Guinier analysis almost doubled
upon addition of the ligand, increasing from 8.2 to
14.3 Å. In the presence of the ligand, the I(0) value
increased roughly fourfold, also consistent with a
large increase in size.
Discussion

In the presence of high-affinity ligands, vancomycin
and balhimycin crystallize to form identical
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hexameric drug–ligand complexes. These supramo-
lecular complexes are seen in four different crystal
forms, none of which share the same space group.
Different space groups employ different operators to
assemblemolecules into three-dimensional lattices, so
the occurrence of the same oligomer in different space
groups implies that oligomerization is not simply
being driven by trivial packing considerations.36 This
suggests that the face–face and side–side interactions
seen in these crystal structures reflect vancomycin's
intrinsic self-association tendencies and are not
merely crystal packing artifacts. Therefore, we might
expect that drug–target interactions would lead to the
formation of similar complexes at the site of cell wall
biosynthesis.
Various tools have been developed to distinguish

genuine macromolecular interactions (i.e., those that
occur in solution) from crystal packing artifacts.
Many of these applications are limited to interac-
tions involving the 20 commonly occurring L-amino
acids and as such are not applicable to nonprotein
species such as glycopeptide antibiotics. However,
some generally applicable metrics are available. For
example, Ponstingl et al. have found that the surface
areas buried during the formation of genuine
protein–protein oligomers are typically in excess of
800–900 Å2, larger than those we see in our
structure.37 However, monomeric vancomycin has
only one-tenth the mass and one-fifth the total
surface area of even a small protein (molecular
weight, 1450; surface area, 1450 Å2). Krissinel and
Henrick have recently pointed out that the appro-
priate size required to stabilize a protein–protein
interface depends on the size of the interacting
components; larger species require larger interaction
surfaces.38 It therefore seems that a cutoff value of
800–900 Å2 is not an appropriate threshold for
significance when considering molecules as small as
vancomycin. Indeed, the N600 Å2 contact area of the
side–side interaction represents more than one
quarter of the total surface area of the V5–V6
dimer. When viewed in this light, the interaction
appears quite likely to be significant.
Another discriminator is the fBU parameter, which

is the fraction of all atoms in the interface that are
completely buried. fBU has the advantage of being
uncorrelated with the total buried interfacial area.39

Most interfaces arising solely from crystal packing
have values of fBU that are less than 0.3, whereas fBU
values for genuine oligomeric interfaces typically
fall in the range 0.34–0.36.40 Using the program
AREAIMOL of the CCP4 suite,41 we calculated an
fBU value of 0.44 for the side–side packing interface,
well above the significance threshold used to
identify genuine interfaces. The back–back dimer
interface also gives an fBU value of 0.44, and this
interaction is known to occur in solution. Interest-
ingly, the fBU value calculated for the V2–V4 face–
face interface is 0.24, substantially lower andmore in
line with the values associated with weaker (but still
specific) interactions such as crystal contacts. How-
ever, inspection of the structure of the hexamer
suggests that the weaker face–face interaction must
occur before the stronger side–side interaction; the
binding interface required for the side–side interac-
tion is formed only when twomonomer-ligand pairs
come together in a face–face interaction.
Focusing on the analogy between the face–face

interaction and crystal contacts suggests one
possible interpretation for this result. Crystal
contacts are specific interactions of relatively low
affinity that form when the local concentrations of
the interacting partners are high. Similar conditions
are expected to exist at the sites where glycopeptide
antibiotics such as vancomycin interact with nas-
cent cell wall components. High concentrations of
muramyl peptides will recruit vancomycin mole-
cules; these vancomycin–ligand complexes may
then interact in a ligand-mediated manner to form
face–face complexes. The face–face complexes are
probably of relatively low affinity, making them
transient in nature. These complexes must adopt a
relatively open architecture (reflected by the low
fBU value) because the peptide ligands that form
much of the interface extend beyond the complex,
where they are attached to large external structures
(membrane-bound Lipid II or nascent peptidogly-
can chains). Steric and entropic considerations will
therefore limit the tightness of the face–face inter-
face. However, this interaction (and therefore
ligand binding) can be stabilized by the addition
of another vancomycin dimer in the side–side
interaction. Once the face–face dimer of dimers
forms, a docking site for a third dimer is created;
the third dimer binds in the relatively tight side–
side orientation and thereby stabilizes the face–face
interaction.
This speculative model suggests that it should be

possible to observe ligand-mediated oligomeriza-
tion outside of the crystal lattice, in solution. Indeed,
using three different biophysical techniques, we
have demonstrated that higher order (i.e., larger
than dimer) structures do form in the presence, but
not the absence, of ligand; the formation of the larger
species is concentration dependent, as predicted.
Furthermore, these supramolecular structures form
discrete species, and therefore do not merely reflect
nonspecific aggregation.
An obvious question is whether the oligomers that

form in solution correspond to the structure seen in
the crystal asymmetric unit. Molecular weights
estimated from size-exclusion experiments in the
presence of ligand are consistent with the values
expected for tetramers and hexamers, while the
estimated molecular weight obtained in the absence
of ligand is smaller and more in line with that of the
dimer. However, these estimates are subject to
significant limitations. Greater precision can be
obtained using diffraction methods such as SAXS
and DLS. Using the program HYDROPRO,42 we
calculated the radius of gyration (Rgyr) and hydro-
dynamic radius (Rh) for the unliganded monomer
and dimer and for the hexameric vancomycin-ligand
complex found in the asymmetric unit. The experi-
mental SAXS and DLS values obtained in the
presence of ligand are in excellent agreement with
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the calculated values obtained for the hexamer
(Table 2). Thus, the molecular assemblies seen
within the asymmetric unit of our crystals are
consistent, in terms of overall size, with the ligand-
bound species observed in solution. In the absence
of ligand, the experimental values for both Rgyr
and Rh lie between the calculated values for
monomer and dimer. This might reflect the
presence of both species, and indeed the reported
dimer association constant20 of 700 M−1 predicts
that roughly equal concentrations of monomer and
dimer should be present under the conditions used
for our experiments.
The oligomerization behavior of vancomycin may

be relevant to its antimicrobial mechanism of action.
Vancomycin is expected to recognize two different
types of muramyl peptide targets in vivo, those
found on Lipid II and those found on nascent
peptidoglycan chains. For either target, it is likely
that multiple copies of the binding epitope will
occur in close proximity to one another. Oligomer-
ization of the drug would represent a way to exploit
the multivalency of the ligand to increase avidity of
binding. This effect has been demonstrated in vitro
by Rao et al., who showed that recognition of
multivalent peptide ligands by multivalent vanco-
mycin species leads to huge increases in association
constants relative to the monomeric drug–ligand
pair.43

In order for multivalent drug–ligand complexes to
form, a cluster of physically close, uncross-linked
peptides must exist. Solid-state NMRmeasurements
of intact Staphylococcus aureus cells have indicated
that approximately half (46%) of the peptides
present in the cell wall peptidoglycan are uncross-
linked.44 Further, these measurements suggest that
the uncross-linked peptides are not evenly distrib-
uted throughout the cell wall, but rather are
concentrated at the membrane-proximal side, mean-
ing that clusters of uncross-linked peptides are likely
to be found in this region. Such clusters might
represent binding sites for vancomycin oligomers.
A three-dimensional structural model for pepti-

doglycan has recently become available.45 This
Table 2. Comparison of calculated and observed
hydrodynamic parameters

Calculated Rgyr (Å)
a Calculated Rh (Å)a

Monomerb 8.0 10.0
Dimerb 9.4 12.3
Hexamerc 14.1 17.9

Observed Rgyr (Å)
d Observed Rh (Å)e

Vancomycin minus
ligand

8.2 11

Vancomycin plus
ligand

14.3 18

a Calculated with HYDROPRO.34
b Monomer and dimer without ligand.
c Hexamer including ligand.
d From SAXS.
e From DLS.
model shows a honeycomb structure in which
extended, regularly spaced carbohydrate chains
run parallel to one another (and presumably
perpendicular to the plane of the cell membrane).
The pendant muramyl peptides extend perpendi-
cular to the carbohydrate chains, parallel to the
plane of the membrane. The carbohydrate chains
adopt a helical conformation with three N-acetyl-
glucosamine–N-acetyl-muramic acid disaccharide
units per turn, imparting a 3-fold screw symmetry
to the chain. This means that any two adjacent
peptides on a given chain extend outward from that
chain in directions 120° apart. While recognizing
that this model is currently still somewhat spec-
ulative, it is interesting to note that the model
predicts a concentration of cell wall peptides within
the honeycomb mesh that is quite high (tens of
millimolars). Steric constraints appear to prevent
any two adjacent peptides on the same carbohydrate
chain from being bound to a single vancomycin
dimer, in either a back–back configuration14 or a
face–face configuration (P.J.L., unpublished model-
ing results). However, the perpendicular distance
between two neighboring carbohydrate chains is
approximately 34–38 Å. Two peptides, one from
each neighboring chain, can easily be modeled as
spanning this distance and meeting in the middle in
an antiparallel β-type pairing such as that seen in the
face–face interface. It is also possible to model two
such peptides as extending into the space between
two carbohydrate chains and being bound to a
back–back vancomycin dimer. If a vancomycin
dimer (either face–face or back–back) were to bind
to such a pair of peptides, then it could serve as a
nucleating point for the assembly of a larger
complex. The geometry of this peptidoglycan
model implies that other, nearby, peptide ligands
may participate in such a complex and that the
spacing between neighboring glycan chains is
sufficiently large to accommodate tetrameric or
hexameric vancomycin assemblies.
Materials and Methods

Crystallization and structure determination

Vancomycin solutions for crystallization were prepared
by mixing 40 μl vancomycin stock solution (50 mg/ml in
H2O), 50 μl dimethyl sulfoxide, 11.2 μl N-Ac-D-Ala-D-Ala
(50 mg/ml in H2O), and 104.4 μl 0.25 M Mes, pH 6.0.
Crystals were grown at 291 K by the hanging-drop vapor-
diffusion method, mixing 2 μl of the vancomycin crystal-
lization solution with 2 μl of reservoir solution containing
polyethylene glycol (PEG) 400+sodium citrate in 0.1 M
Tris–Cl, pH 8.5. Crystals were observed in the concentra-
tion ranges 30–60% (v/v) PEG 400 and 0.2–0.4 M sodium
citrate. Note that in solutions containing high concentra-
tions of both PEG and sodium citrate, sodium citrate could
approach saturation in the reservoir; vancomycin–ligand
crystals were sometimes harvested from drops over wells
containing sodium citrate crystals. Crystals grew over a
period of several weeks to final sizes of approximately
0.15 mm×0.15 mm×0.4 mm. Crystals were removed from
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the drop using nylon loops and plunged directly into
liquid nitrogen prior to data collection.
Diffraction data were collected at beamlines X8C and

X12B of the National Synchrotron Light Source and
processed using Denzo/Scalepack.46 Data processing
statistics are given in Table 3.
Phasing was accomplished by exploiting the anomalous

signal of chlorine, using data collected at an X-ray energy
of 7.1 keV (wavelength, 1.743 Å). The program SnB47,48

was used to identify positions of chlorine atoms from the
amplitudes of the anomalous differences. The initial SnB
run gave a bimodal distribution of solutions. The best
solution was analyzed to find groups of four putative
chlorine positions that matched the known geometry of
the four chlorine atoms in the back-to-back vancomycin
dimer.10,13 In this way it was possible to position two
aglycon dimers. The eight chlorine positions from these
two dimers were used to calculate solvent-flattened
single-wavelength anomalous diffraction phases with
OASIS and DM.49,50 An anomalous difference Fourier
map calculated using these phases revealed the location of
three of the four chlorine atoms in the remaining dimer.
OASIS was then rerun using all 12 chlorine atom
positions. DM was used with the high-resolution
12.7 keV data set (wavelength, 0.978 Å) to extend the
phases to a resolution of 1.3 Å. The resulting map, while
noisy, showed many recognizable features, including
electron density corresponding to the peptide ligands
and the vancomycin sugar residues. The remainder of the
model was constructed using iterative cycles of building
and refinement. Refinement was carried out using first
SHELXL,51 followed by Refmac5,52 using the automated
water placement feature of ARP/wARP.53 In the latter
stages of the refinement, anisotropic thermal factors were
applied. Refinement details are given in Table 3. The final
Table 3. Data collection and refinement statistics

Data set Low energy High energy

Beamline X8C NSLS X12B NSLS
Wavelength (Å) 1.7433 0.9780
Data collection

temperature (K)
100 100

Space group C2221 C2221
Unit cell (Å) a=66.11, b=71.89,

c=48.35
a=65.68, b=71.52,

c=48.37
No. of unique reflections 16,376 28,795
No. of observations 124,550 141,659
Resolution range (Å) 25−1.95

(2.03−1.95)
25−1.30

(1.38−1.30)
Completeness (%) 99.3 (97.9) 92.2 (66.1)
I/σ(I) 20.6 (10.2) 29.1 (4.1)
Rmerge 0.067 (0.107) 0.049 (0.283)

Refinement
Resolution range (Å) 25−1.30
No. of reflections used 28,795
No. of antibiotic atoms 606
No. of peptide ligand

atoms
84

No. of solvent atoms
Water 167
MES 12
PEG 112
Na+ 1

Mean B values (Å2)
Antibiotic 13.3
Ligand 12.3

Rcryst/Rfree 0.172/0.195
model has been deposited with the Cambridge Crystal-
lographic Data Centre under the deposition number
CCDC 704975‡.

Size-exclusion chromatography

A BioSep-SEC-S2000 column (300×7.8 mm; Phenom-
enex, Torrance, CA) was used. The mobile phase was
0.1 M potassium phosphate, pH 6.8, and the flow rate
was 1 ml/min. Chromatograms were obtained monitor-
ing absorbance at 282 nm. The following standards were
used to calibrate the column: blue dextran (to define
excluded volume), RNase A, cytochrome c, ubiquitin,
aprotinin, charybdotoxin, endothelin, and acetone (to
define included volume). Vancomycin samples were
prepared in the mobile phase at concentrations ranging
from 0.1 to 10 mM; the sample injection volume was
50 μl. For analysis of the vancomycin–peptide complex,
the column was preequilibrated with 100 μM N-Ac-Lys-
D-Ala-D-Ala in 0.1 M potassium phosphate, pH 6.8, and
the vancomycin sample that was injected contained a 1.5-
fold molar excess of the peptide ligand. Distribution
coefficients Kd were calculated using the expression Kd=
(Ve−V0)/Vi, where Ve is the elution volume for the
species of interest, V0 is the void volume, and Vi is the
included volume. Similar ligand-dependent increases in
vancomycin's Rh were also seen with columns packed
with Superdex 75 (GE Healthcare) and Macrosphere
GPC-60 (Alltech), although no effort was made to
construct calibration curves for these other matrices
(data not shown).

Dynamic light scattering

DLS data were obtained using a DynaPro Titan light-
scattering instrument (Wyatt Technology Corporation,
Santa Barbara, CA). Autocorrelation functions were
measured at 298 K and 90° scattering angle, using a laser
wavelength of 830 nm. Samples were prepared in
phosphate-buffered saline, pH 7.4, or 0.1 M potassium
phosphate, pH 6.8; similar results were seen with both
buffers. Sample concentrations of 2 mM vancomycin
±3 mM N-Ac-Lys-D-Ala-D-Ala were used. Before analysis,
samples were centrifuged at 14,000g for 20 min and
filtered through a 0.2-μm filter directly into the sample
cuvette.

Small-angle X-ray scattering

Samples were prepared in 0.1 M potassium phos-
phate, pH 6.8, plus 2 mM ethylenediaminetetraacetic
acid. Sample concentrations of 2.55 mM vancomycin
±3.88 mM N-Ac-Lys-D-Ala-D-Ala were used. X-ray solu-
tion scattering measurements were performed at beamline
X21 at the National Synchrotron Light Source.54 The X-ray
wavelength was 0.925 Å and the sample-detector distance
was 0.98 m. These parameters, together with the beam
center position, were calibrated with a silver behenate
standard. The sample holder was a 1-mm quartz capillary
(Hampton Research, Aliso Viejo, CA) that was sealed
across the evacuated beam path. Both ends of the capillary
were open to allow the sample to flow continuously
through tominimize radiation damage to the sample. Each
‡These data can be obtained free of charge via www.
ccdc.cam.ac.uk/data_request/cif.
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measurement required ∼30 μl of sample and a 60-s
exposure time. After each measurement, the capillary was
washed repeatedly with buffer solution and purged with
compressed nitrogen. The scattering patterns were col-
lected with a MAR 165 CCD detector (Mar USA, Inc.,
Evanston, IL). The data were averaged into one-dimen-
sional scattering curves using software developed at the
beamline. The scattering from thematching buffer solution
was subtracted from the data, based on X-ray transmission
data collected simultaneouslywith each scattering pattern.
The program GNOMIN was used to calculate pair
correlation distributions p(R).55
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