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Rationally designed ligands as models for bacterial cell-wall recognition
by vancomycin-group antibiotics
M A R K S S E A R L E , P A T R I C K G R O V E S and
DUDLEY H WILLIAMS*
Cambridge Centre for Molecular Recognition, University Chemical Laboratory, Lensfield
Road, Cambridge CB2 1EW, UK.
Abstract. The ability of vancomycin-group antibiotics to bind cell-wall fragments in vitro
provides a model system for semi-quantitative studies of molecular recognition in aqueous
solution. Based upon a partitioning of free energy contributions to binding, we have assessed
the surface area-dependent free energy contribution of the hydrophobic effect,the free energy
contribution of amide-amide and amide-carboxylate hydrogen bonds; and the cost of
restricting a-bond rotations in the binding of both natural cell-wall analogues and within
a family of rationally designed cell-wall mimics. The results so far obtained may provide
guiding principles for those interested in semi-quantitative studies of molecular recognition
and rational drug design. Vancomycin-group antibiotics have been shown to dimerise, a
process now proposed to play a functional role in the mechanism of action. Dimerisation
has been shown to be cooperatively enhanced by natural cell-wall peptides. However, studies
with ristocetin A show that binding of unnatural structural motifs (particularly those
containing aromatic ring systems not found in the natural peptides) and dimerisation, are
highly anti-cooperative phenomena.
Keywords. Molecularrecognition; bacterial cell-wall;vancomycin-group antibiotics; rational
drug design.

1.

Introduction

1.1

A semi-quantitative approach to molecular reco#nition

The m o d e of action of v a n c o m y c i n - g r o u p antibiotics is based on their ability to bind
to the growing cell-wall peptidoglycan of Gram-positive bacteria terminating in the
d i p e p t i d e - D - A l a - D - A l a (Barna and Williams 1984). Structure elucidation of the
complex of the cell wall analogue N - A c - D - A l a - D - A I a (1_) with ristocetin A (Sheldrick
et a11978; Williams 1984) suggests that all of the molecular features of these antibiotics
are finely honed t h r o u g h natural selection to p r o m o t e cell-well recognition, with
molecular complementarity reminiscent of that found for e n z y m e - s u b s t r a t e interactions. The ability of the vancomycin g r o u p antibiotics to bind cell-wall fragments
with high affinity in vitro (up to 106 M - 1 in binding constant), presents a paradigm
for semi-quantitative studies of molecular recognition in solution.
In recent work (Searle and Williams 1992; Williams et al 1993a, 1993b), and as
part of a more general a p p r o a c h to a semi-quantitative description of weak interac-
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tions, we have factorised the free energy of binding (AG, kJ mol- 1) for a bimolecular
association into essentially four terms that reflect various "costs" and "benefits" to
binding in aqueous solution
AG = AGr+a + AG, +

(1)

A G h -k ~.AGp.

AGr+R is the change in translational and rotational free energy (large entropy)
associated with the low probability of "catching" the ligand on the receptor in the
absence of intermolecular forces, AG, is the change in free energy of restricting internal
rotations about cr bonds, and AGh is the hydrophobic free energy contribution (relevant
to binding in aqueous solution). The final term, EAGp represents the free energy
contribution to binding due to increased electrostatic interactions between polar
functional groups in the complex relative to those with solvent (summed over all
such interactions). This equation has been used as an approximation (for cases where
the components can associate in their conformational energy minima, and where the
van der Waals contacts in the complex are as good as those of the separated
components with solvent) in the hope that an attempted semi-quantitation will give
insights into the complexities of weak interactions.
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Figure 1. Structure of the complex of the cell wall analogue N-Ac-D-Ala-D-AIa
(NADADA) binding to ristocetin A. Dotted lines represent intermolecular hydrogen bonds.
Sugar residues are labelled as follows: Ri(ristosamine), Rh(rhamnose), M(mannose),
A(arabinosr and G(glucose).
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To test the utility of this approach, we have applied (1) to the binding of cell-well
peptides to vancomycin group antibiotics in solution. Central to these studies is the
complex of ristocetin A with the cell wall analogue N-Ac-D-AIa-D-Ala shown in
figure 1. The side chains of the antibiotic are extensively cross-linked to form a
relatively rigid, pre-organised binding pocket; to a useful approximation, the internal
rotations are restricted both before and after binding ligand. Our objective has been
to estimate rough factors by which the terms in (1) promote or oppose formation of
the complex shown in figure 1, in solution (Williams et al 1993b). In using this
approach, we recognise that the derived AG values will be subject to varying degrees
of uncertainty (as a consequence of both the approximations used and from experimental errors); AGp values in particular may vary from one environment to another,
and be further complicated by cooperativity. Nevertheless, it seems worthwhile to
attempt a semi-quantitative description of binding, if only to give estimates of the
parameters involved. In this article we review some recent progress that may provide
some guiding p~inciples. The potential complication of cooperative or anti-cooperative
binding is discussed with regard to the effects of ligand binding on the tendency of
these antibiotics to dimerise in solution.
1.2

The ligand extension approach

The successful application of (1) depends upon obtaining each factor as a usefully
correct approximation. In this regard, the ligand extension or modification approach
("anchor principle"; Jencks 1981) has proved successful; the basis of this approach is
illustrated schematically in figure 2. This method enables us to compare the binding
of two closely related ligands, X - Y - Z and X-Y, to a common receptor site, in which
the AGr § R term (the cost of the bimolecular association) can, to a first approximation,
usefully be regarded as similar for both associations, and is thereby a variable which
is removed from the analysis. Thus, the difference in binding energy AAG between
ligands X - Y - Z and X-Y can be attributed to the apparent binding contribution of
Z(AAG ~ AGZ).AGz can then be factorised to allow for any free energy costs associated
with rotors restricted in the bonds connecting Y and Z (AG',), and for benefits from
the hydrophobic contribution of Z(AGZh), plus the benefit from any polar functional
group interactions introduced by Z(AGZp). Thus, (2) provides a more general
approximation of practical utility:
AAG = AG~ + AG~ + AG~,.

(2)

Figure2. The ligand extension approach comparing the binding ofligands X-Y and X - Y - Z
to a common receptor site.
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We subsequently illustrate how (2) has been applied in the estimation of hydrophobic
contribution-s to binding and also amide-amide and amide-carboxylate hydrogen
bond strengths.

2. Approximate binding specificities
(i) The change in translational and rotational free energy (AGr+R opposes a bimolecular association up to a maximum value of ~ 50-60 kJ mol- 1 for a highly exothermic
interaction (Page and Jencks 1971; Jencks 1975, 1981)(analogous to covalent bond
formation) where the relative molecular masses of the associating species are a few
hundred daltons; but that this term [essentially an adverse entropy term, 300 ASr+R
near room temperature (300 K)] tends to zero as the exothermicity of association
AH tends to zero (Searle and Williams 1992; Williams et al 1993b). The experimental
relationship between AH and 300 AS(~ 300ASr+~) for many "one-point" associations in non-polar solvents has established a linear relationship between these two
interactive variables (Williams et al 1993b). Thus, where there is stronger bonding
in the complex (manifested in a large negative AH for association) then there is a large
price to pay in ordering the two species in the complex (manifested in a large positive
TAS of association). This enthalpy/entropy compensation is a fundamental consequence of weak interactions but is less important where exothermicities are comparable to covalent bond strengths.
(ii) The change in free energy due to the restriction of internal rotations (AG,) also
opposes binding and appears to lie in the range 2-6 kJ mol- 1 per restricted rotation
at room temperature (Page and Jencks 1971; Searle and Williams 1992; Gerhard
et al 1993b). The smaller value is applicable for the restriction of internal rotations
where the adjacent interactions which give rise to the restriction are weakly exothermic
(allowing appreciable residual torsion) (Searle and Williams 1992). Examples of such
small entropy changes are found in the fusion of hydrocarbon crystals where molecules
in the crystal lattice are held together by weak interactions. However, AG, will increase
gradually to the upper limit as the residual torsion is "frozen" due to strongly
exothermic interactions presenting large barriers to internal rotation. Such is the case
for molecular transformations from highly internally restrained small rings to flexible
open chains (Page and Jencks 1971; Searle and Williams 1992).
(iii) The promotion of the association due to the hydrophobic effect in aqueous
solution (AGh) is usefully expressed in terms of its surface area dependence and lies
in the range - 0 . 2 0 + 0.05 kJmol-x ~-Z(Searle et al 1992). For example, in scheme
1, we have compared the binding of N-Ac-D-Ala-D-AIa (left) and N-Ac-D-AIa-Gly
(right) to ristocetin A, in which the hydrophobic binding contribution of an Ala
methyl group is effectively deleted. Molecular modelling and energy minimisation
studies on the complexes with ristocetin A have enabled the difference in non-polar
surface areas buried from solvent to be estimated as 47/~2. When equated with the
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difference in free energy (AAG) of binding between these two ligands [ - 11.4, - 8.4
and -10"lkJmo1-1, from several different sources (see Williams et al 1993)], a
surface area-dependent hydrophobic effect in the range - 0.18 to - 0.24 kJ mol- 1 A- 2
is obtained. Similar comparisons for five other pairs of ligands lead to a consensus
value for the surface area dependence in the range - 0 . 1 5 to -0-25 kJ mol-1/~ - 2
Thus, if a total of x/~ 2 of hydrocarbon surface area is removed from accessibility
to water in the association, then the favourable free energy change will be
x(0.20_ 0.05)kJ mo1-1. This value is in reasonably good agreement with the value
( - 0.23 kJ mol- 1 ~ - 2) for the hydrophobic effect determined from protein engineering
experiments (Serrano et al 1992).
(iv) The promotion of binding through pairs of polar functional group interaction
energies AGp (summed over all such pairs of interactions), has been estimated for the
amide-amide hydrogen bond in aqueous solution to lie in the range - ( 1 to 7)
kJ mol-1 (Searle et al 1992). For example, in comparing the binding of N-Ac-D-Ala
(left) and N-Ac-D-Ala-D-Ala (right) in scheme 2 to ristocetin A, the difference in
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Scheme 2.

binding energy ( - 11.4kJ mol-1) of the dipeptide over the monopeptide is achieved
by making an extra amide-amide hydrogen bond, by burying an additional 85 A2
of hydrocarbon surface area, but at the cost of restricting two peptide backbone
rotations (as indicated). The contribution from the hydrophobic effect is estimated
to be - 17 kJ mol-1, while the total cost of rotor restrictions is estimated to be
7-10kJmol-1. On the basis of (2), the approximate binding energy of the amideamide hydrogen bond (AGp) is deduced:
- 11.4 = (7 to 10) - 17 + AGp; AGp = - 1.4 to - 4.4 kJ mol- 1.
On the basis of 8 other similar analyses, values in the range - ( 1 to 7) have been
estimated. Again, this range of values is in reasonable agreement with the corresponding values [ - (2 to 8)kJ mol-1-1 from protein engineering experiments (Fersht
1987; Shirley et al 1992). It is encouraging that the two very different types of
experiment give such reasonable agreement.

3. Probing binding interactions through unnatural structural motifs
The amide-amide hydrogen bond represents one of many important interactions in
biology. The basis of a complete description of ligand/receptor recognition requires
a semi-quantitation of many other common functional group interactions. Using the
approach described above, the synthesis of a series of peptide and non-peptide ligands
has enabled us to evaluate the relative contribution of the amide-amide interaction
versus the amide-carboxylate hydrogen bond (Holroyd et al 1993) (scheme 3). In
figure 3, ligands 2 to 5 represent peptide analogues of the natural substrate N-Ac
-D-AIa-D-AIa (1), where the introduction of the double bond in 4 versus 2 has
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Figure 3. Structure of cell wall analogues (_1 and _8) and "unnatural" ligands used in the
semi-quantitative analysis of binding contributions.
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Figure 4. Schematic representation of the key interactions in the binding pocket of cell
wall analogue N-Ac-D-AIa-D-AIa (A); general features of ligand/receptor complementarity
(B); and (C) interaction of the synthetic ligand 6 at the same site. Dashed lines represent
intermolecular hydrogen bonds, wavy lines represent more than one intervening bond of
the antibiotic.
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already enabled us to assess the cost of restricting a rotation in binding to ristocetin A
(Gerhard et al 1993b). Peptide ligands 3 (vs 2) and 5 (vs 4) now allow us to evaluate
the relative contribution of the amide-amide interaction versus the amide-carboxylate
interaction. In order to give more variation in the types of ligand that can be studied,
the carbonyl group from the N-terminal D-AIa of 1 has been transposed to give the
oxamic acid derivatives _6 and 7, in which all essential functional group interactions
with the antibiotic binding pocket are retained, as illustrated in figure 4 for (A) the
natural substrate 1, and (B) the general case. The transposed carbonyl groups of_6 and
7 are positioned on the solvent-exposed face of the ligand binding cavity and are not
directly involved in binding. AGp values estimated from the difference in binding
energy with respect to the natural substrate 1 and the truncated analogue 8, give
consistently similar AGp values for the carboxylate binding energy in four different
ligand extension/modification comparisons (see w4 below).
3.1

Structural,studies by N M R and molecular modelling

An important first step is to establish structural details of the interactions of 2-7
with the antibiotics to confirm that these ligands are binding in the predicted manner.
This can be directly correlated with the differences in binding energies as described
below. For example, in the complex of 6 with ristocetin A, intermolecular NOEs are
identified between the methylene protons on the ?-aminobutyric acid side chain that
are consistent with binding to the hydrophobic pocket occupied by the N-terminal
alanine methyl group of the natural substrate (1) (Williams and Kalman 1977). These
NOEs can only be rationalised in terms of a binding conformation and orientation
in which the butyryl carboxylate group of_6 is hydrogen bonded to the amide NH
of residue 7_, in an analogous manner to the N-acetyl carbonyl group of the natural
substrate (see figure 1), with the oxalate anion located in the carboxylate binding
pocket of ristocetin A (C; figure 4). NOE data and chemical shift perturbations

1. Non-polarsurfacearea buriedfromsolvent
accessibility AAA,p(A2) relative to the natural
substrate N-Ac-D-AIa-D-Ala, and free energies
(AG,kJmo1-1) for binding to ristocetin A (Holroyd
et al 1993).
Table

Ligand
1

2
3
4
5

- AAA,p
--

80
80
79
79

AG
- 28'8 __+O.4"

-

22"5__+0-3b
2O-3__+0-5"
27'9 _+0"3 b
24"0_ 0"4c

6

108

- 17"7 + 0"5d

7

137

- 21"5_+1-0d

8

85

- 17"4 + O.5"

et al (1986) (298 K);
(1993b) (298K); =298K; d303K.
"Rodriguez-Tebar

bGerhard e t

al
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monitored in complexes of ligands 2 to _7 are consistent with analogous binding
interactions identified for the natural substrate. For example, the Ala methyl resonance
of ligands 2 to 5 shifts upfield by ,~ 0.8 ppm on binding, as does that ofl_, consistent
with ring-current shifts associated with the methyl group in each case binding against
the face of the same aromatic ring of residue 4 (see figure 1). Energy minimised
structures of these complexes generated using MacroModel (Mohamadi et al 1985)
and guided by NOE data, indicate good ligand-receptor van der Waals complementarity, and binding geometries that lead to average hydrogen bond lengths that are
comparable (+ 0.2 ,~) for all of the ligands considered, In order to assess the relative
contributions to binding from the hydrophobic effect, the water-accessible nonpolar surface area buried was estimated from energy-minimised structures using
MacroModel (antibiotic, ligand and complex) by rolling a water molecule of radius
1.4,~ over the surface using a high density of points on a sphere. Estimated values
for the difference in solvent-accessible non-polar surface area buried (AAA.p) relative
to the natural substrate (1) are presented in table 1, together with experimental ligand
binding energies.

4. Estimating the binding contribution from a carboxylate-amide interaction
Using the method described above, we have estimated the binding contribution from
the carboxylate group of 2 by factoring free energy contributions with respect to
both N-Ac-D-Ala-D-AIa (_1) and the truncated analogue N-Ac-D-Ala (8), as
outlined in the first two rows of table 2 (Holroyd et al., 1993). The earlier analysis
(comparing 1 and 8) leads us to conclude that the amide-amide hydrogen bond of
the acetyl group of 1 (see figure 1) contributes - 2.9 __+1.5 kJ mol- 1 to binding - this
contribution appears as AGp in table 2. In analysing the binding of 1 versus 2, _1
buries 80/~2 more hydrocarbon from solvent (AAA,p; column 3), restricts one fewer
backbone rotation on binding (AAG,; column 5), but forms an amide-amide hydrogen
bond with the N H of residue 7 of the antibiotic (AAG'p; column 6) versus a carboxylate
interaction with the same NH. Applying (2), we estimate the binding contribution of
the carboxylate group of 2 (AGp) in the final column of table 2 as follows:
(6-3 4- 0-7) = (3 4- 1) + (16 4- 4) + (2"9 + 1"5)+ AGp.
Table 2. Partitioning free energy contributions in the binding of _2 and 6 versus N - A c D-AIa-D-AIa (_1)and N-Ac-D-AIa (8) to ristocetin A in aqueous solution (Holroyd et al
1993).
Ligands
2vsl
2vs8
6vs 1
6vs8

AAG

AAAp

AAGh

AAG

AG;

AGb

6.3+0-7
-5"1+0-8
11"1_+0-9
-0-3-+1-0

-80
-5
-108
-23

16-4-4
1+0"5
22•
5-+1

3+1
9+3
3_+1
9-+3

-2.9+1'5
--2.9-1-1"5
--

-164-7
-15-t-4
-17•
-14_+5

"Binding energy of the N-acetyl amide-amide hydrogen bond of 1 deduced from ligand
extension studies (Searle et al 1992) (1 vs _8); bcarboxylate binding energy of 2 and 6
(amide-carboxylate hydrogen bond and any other associated interactions).
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The value deduced is ~ - 16+7kJmo1-1. A similar comparison of _2 with N Ac-D-AIa (8) is presented in row 2 of table 2. In this case, AGp is estimated to
contribute ~ - 15+4kJmo1-1 in binding energy, indicating some consistency
between the two comparisons. The comparison of the binding energy of _2versus 3_,
and 4 versus 5, indicates that the carboxamide group ( - CONH 2) contributes between
2.3 + 0.9 and 3"9 + 0-7 kJ mol-1 less in binding energy than the charged hydrogen
bond with the carboxylate group, i.e. the former, when added as an extension on a
chain of two methylene groups, has an apparent binding contribution of ~ - 10 to
_ 15kJmo1-1
4.1

n-Stacking contributions to the carboxylate binding enerffy

Our earlier estimate that the amide-amide hydrogen bond between the acetyl carbon3/l
group of 1 and the NH of residue 7 contributes only - 2.9 _ 1.5 kJ mol- 1 to binding
leads to the oonclusion that the large apparent binding energy of the carboxamide
group of_2 is attributable to more than just a hydrogen bonding interaction with the
NH of residue 7. We have previously highlighted (Williams et al 1993b) the comparison
of the binding of N - A c - G l y - o - A l a versus N-Ac-o-Ala-D-Ala (1), which, despite
the removal of the hydrophobic contribution from an Ala methyl group (worth 53 ~k2
of buried surface area), produces little net difference in binding energy between these
two ligands [0"4 kJ mol- 1 from calorimetry studies (Rodriguez-Tebar 1986)]. Despite
the loss of hydrophobic interactions, the Gly-ligand binds more exothermically to
ristocetin by ~ 6 kJ mol-1. We propose that the removal of the Ala methyl group
(Ala ~ Gly) enables the m-dihydroxylated benzene ring of residue 7 of the antibiotic
to approach more closely the n-face of the acetyl group of N-Ac-GIy-D-AIa, deriving
some 6 kJ mol-1 additional exothermicity from this interaction (scheme 4).

Scheme4.
The examination of molecular models strongly suggest that this is a real effect.
Such exothermic n-stacking interactions are known to occur from benzene-induced
solvent shifts observed in the proton nmr spectrum of N,N-dimethylacetamide
(Hatton and Richards 1962), which has long been rationalised in terms of weakly
exothermic interactions of this type. Such rr-stacking interactions are also possible
with ligands 2 to _5, but are precluded in the case of N-Ac-D-AIa-D-Ala (!) by the
steric bulk of the N-terminal Ala methyl group. Thus, at least 6 kJmol-1 of the
apparent binding energy of the succinyl group of_2 may be derived from this source.
To test our hypothesis that the carboxylate group of_2 must also bind with a large
associated AH, we have estimated this parameter from van't Hoff plots of In K versus
lIT for the binding of -2, for comparison with the available calorimetry data on 1.
The average of five such plots leads to an estimate of AH for the binding of _2in the
range - 49 _ 12 kJ mol-1, considerably larger than the value of - 25.4 + 1.6 kJ mol-1
measured for 1 by calorimetry (Rodriguez-Tebar 1986). Although there is some
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uncertainty in the former value, a large exothermic contribution ( ~ - 24 + 14kJ
mol-1) to binding from the hydrogen bond and n-interactions with the carboxylate
group of 2 seems inescapable. We note that charged hydrogen bonds have been
shown experimentally to be stronger than neutral interactions (~ 12 kJ mol-1 versus
2 to 8 kJ mol-1) (Fersht 1987) and thus substantial contributions to the carboxylate
binding energy of 2 must be considered to arise from both hydrogen bonding and
n-stacking.
4.2 Binding of oxamic acid derivatives 6 and 7.
We have assessed the binding contribution from the N-terminal carboxylate group
of 6 by again partitioning free energy contributions with respect to the natural
substrate analogues 1 and 8_, as described above for 2. The various contributions to
binding are summarised in table 2. As can be seen from the table, the binding energies
(right-most column, table 2) for the carboxylate-amide interaction (scheme 3), deduced
using all four independent analyses, are reasonably consistent within the limitations
and approximations of the methods employed, including errors in the experimental
measurements. On the basis of our earlier conclusions regarding the strength of
amide-amide hydrogen bonds I--(1 to 7)kJmol-11 and the results of others for
charged interactions (up to ~ 12 kJ mol- 1) (Fersht 1987) we are led to the conclusion
that a large component of the binding energy of the carboxylate interaction probed
in these studies arises from face to face n-stacking interactions. It has previously been
shown by 13C N M R (Williamson and Williams 1981) and convincingly by proton ~
proton NOE data (Waltho and Williams 1989) that the benzene ring of residue 1
moves over the n-system of the carboxylate group of the natural substrate 1 in a
manner exactly analogous to that proposed in the present study. Why might
it do so? We conclude that the negative charge of the carboxylate is dispersed into
the surrounding medium by the groups that hydrogen bond to it. Electron deficiency
remains in the n-orbital of the carboxylate carbon; it is this charge that is likely to
be energetically favourably solvated by the n-electron rich benzene ring of the
antibiotic.

5. Cooperativity and dimerisation of vancomycin-group antibiotics
A further feature of the vancomycin-group antibiotics, and one that has been proposed
to play a possible role in antibiotic action (Mackay et al 1993), is their ability to
form homodimers in both aqueous solution and mixed solvent systems (Waltho and
Williams 1989; Gerhard et al 1993a). Thermodynamic characterisation of the
dimerisation process in several related antibiotics and their derivatives reveals that
dimer formation is enthalpy driven (~ - 36 to - 51 kJ mol-1). Moreover, in a number
of cases dimerisation of the antibiotics has been shown to be enhanced by binding
of cell wall analogues (Mackay et al 1993). The structure of the ligand-bound dimer
has been deduced (see figure 5, where the bold outline indicates the peptide backbone
of the antibiotics at the dimer interface, dashed lines indicate hydrogen bonds between
cell wall analogue NADADA (1) and antibiotic, and arrows hydrogen bonds between
the two halves of the dimer). Thus, in these cases, dimerisation is cooperatively
enhanced by cell wall analogues which, on the basis of a thermodynamic cycle,
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implies that binding of cell wall analogues to antibiotic is cooperatively enhanced by
dimerisation (Mackey et al 1993). These data constitute an illustration of the fact
that the free energy of interaction (in this case the dimerisation process) is not simply
a function of the interactions made at the interface, but depends also on changes in
interactions throughout the extended aggregate, i.e. ligand binding and antibiotic
dimerisation are cooperative phenomena. The increase in the extent of dimerisation
upon ligand binding is, however, sufficiently small at typical concentrations used in
UV binding studies and calorimetry measurements that analysis of ligand binding
energies will not be significantly compromised by the effects of dimerisation (Williams
et al 1993). Corrections to AG values due to promotion of dimerisation are estimated
to be of comparable magnitude to experimental errors in ligand ,binding energies.
Although the enhancement of dimerisation by the cell wall analogues is unambiguous, it is not large [up to a factor of 2 in Kdim for vancomycin, a factor of 10 for
ristocetin-$ (lacking the sugars on rings 4 and 7 of ristocetin A), but a factor
of 100 for eremomycin; between 2 and 11 kJ mol- i enhancement in AGdim(Mackeyet al
1993)]. There is good evidence from calorimetry and van't Hoff analysis, at least in
the case of vancomycin, that this small free energy change for dimerisation is also
accompanied by an increase in the exothermicity of dimerisation. Thus, a small
increase in dimerisation constant can be accompanied by a significant increase in
bonding within the dimer indicative of excellent bonding complementarity between
the various components of the extended aggregate, but at the price of an increase in
the amount of order in the complex.
A possible physical description of the origin of the cooperative interaction lies in
the fact that the amide dipoles of the antibiotic are probably ordered more strongly
by ligand than solvent, and thus hydrogen bonding at the interface between the two
halves of the dimer is strengthened enthalpically but with a compensating cost in
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entropy. It is striking that the amino group of the benzylic sugar attached to residue
6 of ristocetin and eremomycin can make a salt bridge to the carboxylate anion of
the cell wall analogue which is mediated through an amide bond. Such an effect
would be consistent with the cooperativity that is normally observed between cell
wall analogue binding and dimerisation. Therefore, it may be that the benzylic sugar
is so located precisely because it can cooperatively promote both dimerisation and
the binding of cell walls.

6.

A n t i - c o o p e r a t i v e binding o f c e l l - w a l l a n a l o g u e s to ristocetin A

Ristocetin A is unique within the family of glycopeptide antibiotics so far examined
in that binding of the natural cell-wall analogue d i - N - A c - L y s - D - A l a - D - A l a (9) is
found to have a small anti-cooperative effect on dimerisation ( < factor of 2 in Kdim;
table 3), in constrast to the cooperative enhancement of dimerisation found for
vancomycin. A further series of unnatural structural motifs (10 to 14), that mimic
many of the interactions of the natural cell-wall analogues, but are based upon
structures that introduce mostly hydrophobic aromatic ring systems (10 to 12, and
14), have been designed and investigated with ristocetin A (figure 6). We highlight
two of these ligands below (10 and 11) which exhibit a particularly striking feature.
It might be expected that such artifical ligands, which bind into the cleft normally
utilised by natural components of cell walls, will be unable to simultaneously satisfy
the condition for continuing dimerisation of the antibiotic. Indeed, compounds 10
and 11 do fail to satisfy both subsets of weak interactions simultaneously and are
found to bind highly anti-cooperatively and disrupt dimerisation.
While ristocetin A alone has a dimerisation constant of ~ 500 M - 1 at 300 K, Kd~m
is reduced to ~ 20 M - 1 by indole-2-carboxylate (11), and to < 1 M - 1 in the case of
Table 3. Dimerisation constants (Kdim)and dimerisation free

energies (AG~ for ristocetin A at 298 K in the presence and
absence of ligands (Groves et al 1993)
Ligand
No ligand

Kdi.(M - t).
500
700
100

AG~

mol - 1)
- 15

6
7
9
I0
11
12
13

< 1*
~20
600
600

- 16
- 11
- 14
<0
~ -7
- 16
- 16

14

m 10

~ - 5

350 b

"Estimated errors +20%; bdetermined from the relative
intensities of the bound resonances of the ligand C-terminal

alanine methyl group in monomer and dimer conformations;
estimated error +_10%, ~ small to determine; no detectable
amount of dimer present at 20mM total concent,ation of

antibiotic.

949

Models for bacterial cell-wall recognition
CH3COHN,,
(OH2)4 H
CHsCONH

O

H

..L .'..EL
(9)

O

.

N

CH3

H

..CH3

..o
O-

--

0
(I..O0)

O

H

H

H... ~

O-

1-.0

Y'F"

O-

(1:3) H

_~)

H

O-

O-

Figure 6. Structures of the compounds used in assessing the effects of ligand binding on
the dimerisation of ristocetin A.

the fluorenone ligand (10). NMR evidence, particularly a large induced shift of the
antibiotic amide NH proton w2 ( ~ 3 ppm), shows convincingly that the carboxylate
groups of 10 and 11 are tightly bound in an analogous fashion to the carboxylate
of the natural substrate. Further, NOE data indicate that the structural basis for
such large anti-cooperative effects on dimerisation stem from "unnatural" interactions
between the aromatic components of these ligands, and the antibiotic tetrasaccharide
and ristosamine sugars [an exploded view of the ristocetin A complex with the
fluorenone ligand (11) is shown in figure 7; dotted lines represent intermolecular
hydrogen bonds, ristosamine and rhamnose sugars are labelled Ri and Rh, respectively].
In the fluorenone complex, a large up-field ring-current shift of 0.91ppm
is experienced by the rhamnose methyl Rhr, which, together with NOEs from Rh 6
to ligand H6/H7, is consistent with close contact with one hydrophobic face of the
fluorenone n-system. Moreover, R h 6 appears to be part of a "hydrophobic wall" of
methyl groups [Rhr, Ri6 and COOME of residue 7 (see figure 7)] that accommodates
the hydrophobic ligand. Particularly intense NOEs are identified in 50ms NOESY
spectra (figure 8) between Ri6 and COOMe, and intermolecularly between Ri6 and
H7/H8 to define the extent of this hydrophobic interaction.
In earlier work the ristosamine sugar of ristocetin A (and an equivalent sugar in
eremomycin) has been directly implicated in hydrogen bonding interactions at the
dimer interface (see figure 5) (Waltho and Williams 1989; Gerhard et al 1993);
consequently, a change in orientation of this sugar, induced through interaction with
the bound ligand, would seem to be a plausible mechanism for perturbing the
complementary nature of the interactions at the dimer interface. Such interactions
between ristosamine sugar and ligand are not found in the complex of the natural
substrate (9), nor in complexes of ligands that closely mimic the natural substrate
(such as 6), where effects of ligand binding on Kdi,. are found to be small (table 3)
(Groves et al 1993). Although ligands 10 and 11 have substantial binding constants
(> 700 M-1), tight ligand binding is unable to simultaneously satisfy a second subset
of weak interactions necessary for dimerisation.
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Figure

Rh 6 and the methylester of residue 7 that form a hydrophobic surface against which the
ligand is able to bind.
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Figure 8. NOESY spectrum (50 ms mixing time) of the complex of ristocetin A with the
fluorenone ligand (10). Cross-peaks are highlighted corresponding to short-range interactions
between the ligand H7/H8 and the antibiotic Ri 6. Also identified is an intramolecular NOE
between antibiotic methyl groups Ri 6 and COOMe.
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Stepwise analysis of anti-cooperative binding

We have considered the effects of binding a series of related ligands on ristocetin A
dimerisation; several of these ligands (11, 12 and 13) approximate to truncated
analogues of the fluorenone ligand (10), and allow a semi-quantitative, stepwise
assessment of anti-cooperative binding contributions. Values for the dimerisation
constant K~,~, andthe corresponding free energy of dimerisation AG~
K), are
presented in table 3. The extent of antibiotic dimerisation has been monitored from
the effects of added ligand on the NMR signal intensities of the rhamnose methyl
(Rh6) corresponding to monomer (M) and dimer (D1 and D2) forms of the antibiotic
under conditions in which the antibiotic was > 959/0 complexed. The situation
observed for the binding of the fluorenone ligand is illustrated in figure 9. While Rh6
resonances corresponding to M, DI and D2 in the spectrum of the free antibiotic
are observed, only a single up-field shifted signal is detected for Rh6 in the fluorenone
complex. While compounds 12 and 13 have essentially the same affinity for monomer
and dimer, indole-2-carboxylic acid (11), in contrast, binds much more strongly to
the monomeric ristocetin A, with a specificity for monomer over dimer estimated to
be ,~ 25 (from the ratio of K~i,, values for ligand-free antibiotic and complex; see
table 3). NOE data shed some light on the interaction of ristocetin A with the large
hydrophobic phenyl ring of indole-2-carboxylate (11). Cross-peaks in 2D spectra
(data not shown) are readily identified between protons on the upper edge of the indole

Rh6
D1

TSP

(A)

Rh6

(B)
3.0

I

i

I

2.0

1.0

0

Chemical shift (ppm)
Figure 9. 1D ~H NMR spectra (0 to 3 ppm) recorded at 500 MHz (288 K, pH 7.0) illustrating
monomer (M) and dimer (D1 and D2) forms of the Rh~ resonance for the free antibiotic
(A), and a single Rh~ resonance in the complex with the fluorenone ligand (10).
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phenyl ring (H4 and Hs) and R h 6 o n the residue 4 tetrasaccharide of the antibiotic.
These NOEs are analogous to those identified between the fluorenone ligand and
ristocetin A, but have no counterpart in complexes with the natural substrate,
di-N-Ac-L-Lys-D-AIa-D-AIa, which lacks an aromatic ring. Models of the
ristocetin A complex with 11, indicate that the indole ring system is unable to extend
as far along the binding cleft as the fluorenone moiety; consequently, we conclude
that the ristosamine sugar is probably unperturbed by the binding of the indole
ligands, and is likely to be able to participate in interactions at the dimer interface
as indicated in figure 5. Thus, the observed anti-cooperative binding of indole-2carboxylate to dimer by a factor ~ 25, is somewhat less than observed for the
fluorenone ligand ( > 500), perhaps as a consequence of the ristosamine contribution
to dimerisation. However, the factor of 25 seems to be linked with the role of the
residue 4 tetrasaccharide in dimerisation. Interestingly, removal of the tetrasaccharide
by acid methanolysis to give ristocetin-~p, reduces Kdi,~ in the absence of ligand by a
factor of ~ 10. However, in the presence of cell-wall analogues, dimerisation of
ristocetin-g, is cooperatively enhanced by up to a factor of 10 (Williams et al 1993), but
with ristocetin A ligand binding and dimerisation are slightly anti-cooperative (less
than a factor of 2 in Kdim). While, the tetrasaccharide promotes dimerisation of
ristocetin A, it interferes anti-cooperatively with dimerisation in the presence of
cell-wall peptides.
Earlier in the paper we discussed the binding of N-oxalyl-4-aminobutanoic acid
(6). This ligand exhibits a complementarity for the antibiotic binding pocket that
closely mimics the cell wall analogue di-N-Ac-L-Lys-D-AIa-D-AIa, and both of
these ligands are found to have quite small effects on antibiotic dimerisation (see
table 3). It appears that binding of cell wall components (and close analogues) and
antibiotic dimerisation (as represented schematically in figure 10) are compatible
phenomena, and perhaps, therefore, are likely to play an important role in the mode
of antibiotic action. With vancomycin and eremomycin, positive cooperativity
between dimerisation and ligand binding add considerable support to this hypothesis.
Dimerisation becomes highly anti-cooperative (as shown for the case of ristocetin A)
when distinctly non-natural ligands are introduced; anti-cooperativity is also

Figure 10. Schematic representation of the antibiotic dimer-ligand complex illustrating
the interplay between the various interactions at the ligand-antibiotic interface and dimer
interface.
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illustrated for the binding of ligand 7, a benzoyl analogue of 6, where the aromatic
ring has again been shown to be interacting with the antibiotic tetrasaccharide in an
"unnatural" manner. In contrast, natural substrate (N-Ac-D-Ala, 8) binding to
vancomycin, which is the most clinically important member of this group, promotes
dimerisation to a small degree (factor of ~ 2) (Mackay et al 1993). Eremomycin has
the largest dimerisation constant ( ~ 106M-1) so far determined, and also shows the
largest enhancement of dimerisation by substrate (9) binding (a factor of 100).
Interestingly, the antibiotic activity of eremomycin is approximately 2-5 times higher
than for vancomycin, despite a 20-fold lower affinity to eremomycin for the natural
substrate (9) in UV binding assays; these observations strongly suggests some specific
role for dimerisation in the mechanism of action of these antibiotics (Mackay et al
1993).

Conclusions
The vancomycin-group of antibiotic have been shown to be a useful system for
semi-quantitative studies of molecular recognition. Through studies of the binding
of cell-wall di- and tri-peptide analogues, together with a number of rationally designed
cell-wall mimics, we have provided an assessment of various "benefits" and "costs"
to complex formation in solution, that might provide some guiding principles for
medicinal chemists.
The vancomycin-group antibiotics form homodimers; moreover, dimerisation has
been shown in a number of cases to be enhanced by the binding of natural cell-wall
analogues that suggests a role for dimerisation in the mode of action of these
antibiotics. A number of the "unnatural" ligands described (7, 10, 11 and 14) bind
strongly to ristocetin A by utilising the hydrophobic surface area of bulky aromatic
rings. These ligands have been shown to interact with the saccharides of residues 4
and 6 of ristocetin A and, by so doing, perturb the finely honed complementarity
necessary for formation of the back-to-back homodimer. In these cases ligand binding
and dimerisation are anti-cooperative phenomena. The possible structural basis for
this anti-cooperative interaction has been discussed.
Dimerisation and cooperative binding phenomena are widespread in biology.
Anti-cooperative binding will occur if a synthetic ligand is able to bond into its
nominal receptor site but not simultaneously satisfy a second set of weak interactions
necessary for dimerisation. Thus, synthetic ligands will often be antagonists in which
the receptor/ligand system may be more disordered compared to the natural substrate
system; a useful analogy may be the introduction of an impurity in a crystal. Ligand
binding to vancomycin-group antibiotics illustrates features of both agonist and
antagonist-like behaviour for the effects of cell wall analogues and cell wall mimetics
on antibiotic dimerisation. The results of these studies emphasise that binding or
dimerisation constants measured with these systems reflect the whole set of linked
weak interactions within the dimer-ligand complexes, not just those at the interface.
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