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The 'H NMR chemical shift of amide protons in the binding pocket of glycopeptide antibiotics has been 
used to monitor the interaction of these amide protons with the carboxylate group of cell wall analogues 
and related ligands. A good correlation is observed between overall ligand binding energy (AG) and amide 
NH chemical shift. We conclude that the strength of the electrostatic interaction of the carboxylate group, 
which is crucial to recognition and binding by the antibiotics, is cooperatively enhanced by adjacent 
functional groups on the same ligand template. Hydrogen bonding and burial of hydrocarbon in adjacent 
sites produce an enhancement of electrostatic binding of the carboxylate group. The data provide 
experimental evidence for an enthalpic contribution to the chelate effect that is distinct from, and works in 
addition to, the classic entropic chelate effect. The correlation between amide NH chemical shift and 
overall binding energy has been used to show binding affinity for eremomycin and chloroeremomycin by 
di-N-Ac-Lys-D-Ala-D-Lac (Lac = lactate), which is a cell wall analogue of bacteria which exhibit 
vancomycin resistance. Binding constants for this ligand have also been determined by UV difference 
spectrophotometry (70 dm3 mol-' and 240 dm3 mol-' respectively). 

Introduction 
The extent to which the binding of a molecule X-Y to a recep- 
tor is enhanced over the sum of the binding of the separate 
components X and Y (Fig. 1) is related, in part, to the classic 
entropic chelate effect described by Jencks and Page.'-3 In a 
recent analysis4.' we have shown that this expression of coop- 
erativity is greatest when each of the associations of X and Y 
are sufficiently exothermic to approach the limiting cost in 
entropy on binding. Conversely, when X and Y bind with very 
small exothermicities, the entropic chelate effect should be less 
favourable. 

An additional feature of this model for the mutual aiding of 
two binding interactions is that cooperativity can also be 
expressed as an ei?thalpic heriefit when X and Y are tethered 
together in X-Y. If the bonding of X alone to a receptor (Fig. 
1) corresponds to binding in a relatively shallow electrostatic 
well, then the binding of X will normally be associated with 
considerable residual motion. However, if the restriction of 
motion of X is aided by the interactions of Y when X and Y are 
tethered together, then the average position of X in its electro- 
static (enthalpic) well will correspond to some greater binding 
exothermicity. Thus, the electrostatic binding of the X part of 
X-Y will be aided by Y, and vice versa. Therefore, in the general 
case, the exothermicity of binding X-Y is expected to be greater 
than the sum of the exothermicities of binding X and Y alone. 
This enthalpic cooperative effect is distinct from, and operates 
in addition to, the entropic chelate effect. 

In this paper we illustrate, in an experimental system, this 
mutual aiding of binding interactions through a study of the 
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Fig. 1 
receptor site separately and when covalently linked as X-Y 

Schematic representation of ligands X and Y binding to a 

complexation of cell wall peptide analogues with a variety of 
glycopeptide antibiotics. 'H NMR Chemical shift changes have 
enabled us to monitor a key binding interaction, namely a 
carboxylate group hydrogen bonding to a pocket of three amide 
NHs (Fig. 2). We show that by introducing other functional 
groups (giving rise to either polar or hydrophobic interactions) 
within the same ligand template, the electrostatic binding 
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Fig. 2 Exploded view of the ristocetin A complex with N-Ac-D-Ala-D-Ala. Dotted lines represent intermolecular hydrogen bonds. 

interaction of the ligand carboxylate group can be enhanced. 
The implications for understanding drug receptor interactions 
are discussed. 

Results and discussion 
Probably the most convincing method of demonstrating the 
enthalpic contribution of the chelate effect described above is 
by comparing the exothermicities of binding of X, Y and X-Y 
derived from isothermal calorimetry experiments. Unfortu- 
nately, cases where the binding of X, Y and X-Y have been 
measured with the necessary precision are not readily available. 
The strength of electrostatic interactions can, however, be 
implied from the measurement of 'H NMR chemical shift 
val~es.~'' When a proton is involved in a hydrogen bond, its 
chemical shift typically moves downfield. The bigger this shift, 
the stronger the hydrogen bond. This effect is responsible for 
the well known temperature dependence of the H20 signal, 
which shifts downfield when the sample is cooled and hydrogen 
bonding interactions become stronger. 

The glycopeptide group of antibiotics provide an excellent 
system in which we can use this method to study one interaction 
when others are present on the same t e rn~ la t e .~ '~  Members of 
this clinically important group of compounds block the bio- 
synthesis of the peptidoglycan cell wall of Gram-positive bac- 
teria by binding to the terminal -Lys-u-Ala-D-Ala sequence 
present in the growing cell wall." The interaction of the anti- 
biotic amide protons w2, w, and w, with the C-terminal car- 
boxylate group of the ligand represents a key element of cell 
wall recognition by these antibiotics (Fig. 2). These amide pro- 
tons form hydrogen bonds to the carboxylate anion in a shallow 
binding pocket on the surface of the antibiotic. The strong 
interaction of the tripeptide cell wall analogue di-N-Ac-Lys-D- 
Ala-D-Ala with ristocetin A (AGO= -35 kJ mol-I)," is thus 
reflected in large changes in the 'H chemical shifts for these 
amide NHs. The largest effect is observed for w2 which is dis- 

placed = 3.6 ppm (Ad) downfield of its shift in the ligand-free 
antibiotic. 

The natural tripeptide ligand makes a number of other inter- 
actions with the antibiotic in addition to that of the carboxylate 
group described above. These include the two additional hydro- 
gen bonds shown in Fig. 2, and hydrophobic interactions 
through burial of Ala methyl groups against hydrophobic sur- 
faces on the antibiotic. A series of ligands were synthesised in 
which these interactions were systematically deleted. The limit- 
ing chemical shift of w2 (i.e. at ligand concentrations where the 
antibiotic is more than 95% bound) for the complexes of these 
ligands then provided a measure of the strength of this particu- 
lar interaction when neighbouring interactions were varied.89 
Overall binding energies, AG", were also measured for the same 
complexes by UV difference spectrophotometry. In Fig. 3(a)- 
( d )  we have plotted the chemical shift of w2 against the overall 
ligand binding energy AG for a variety of glycopeptide anti- 
biotics which have now been studied (Fig. 4). The excellent cor- 
relations clearly indicate that the strength of the carboxylate 
binding interaction increases as other interactions are intro- 
duced on the same template. This correlation is even more strik- 
ing when the data from these different plots are combined on 
one plot (Fig. 5) .  

All of the ligands studied share a common carboxylate 
anchoring group, but differ from the natural tripeptide by 
having different numbers of hydrogen bonds or different 
hydrophobic interactions. For example, one series of ligands 
consisted of truncated natural peptides, from tripeptide to 
N-Ac-u-Ala-D-Ala to N-Ac-u-Ala to acetate (1-4). Another 
series of ligands (5-7) had the same dipeptide template, with 
identical hydrogen bonding sites, but differed in the number 
of hydrophobic methyl groups, with alanine being replaced by 
glycine. Unnatural ligands which had similar arrangements of 
hydrogen bond donors and acceptors, but which contained 
non-peptidic backbones, were also used (8-12). To emphasise 
the generality of the results, this correlation was examined for a 
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Fig. 3 Plot of ligand binding energy versus limiting chemical shift of 
antibiotic amide NH w2 for (a) ristocetin A, ( b )  eremomycin, (c) teico- 
planin As-I and (4 vancomycin with the various cell wall analogues 1-12 
used in this study. 'H Chemical shifts were determined at 500 MHz at 
298 K and are referenced to trimethylsilylpropionic acid. In all cases the 
signals were assigned on the basis of 2D NOE experiments. Ligand 
binding energies are from UV titration measurements and from the 
calorimetry data of Rodriguez-Tebar et aL" 
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range of glycopeptide antibiotics. Members of the group have 
been shown to dimerise in aqueous solution. To show this was 
not an important factor, experiments were performed on anti- 
biotics with quite different dimerisation constants. Teicoplanin 
A3- 1 does not measurably dimerise, vancomycin and ristocetin 
A dimerise relatively weakly (Kdim a 700 and 500 dm3 mol-' 
respectively), whereas eremomycin dimerises strongly 
(Kaim z 3 x lo6 dm3 mo1-').'2 Moreover, ristocetin A and van- 
comycin show important structural differences in the peptide 
backbone. Residues 1 and 3 of ristocetin A have cross-linked 
aromatic side chains, whereas the corresponding residues in 
vancomycin are aliphatic (N-methylleucine and asparagine 
respectively). Despite these differences in ligand and antibiotic 
structure, a very good correlation is still observed. 

Other factors could affect the limiting chemical shift of w2, 
such as conformational changes of the antibiotic associated 
with ligand binding or proximity of antibiotic and hgand 
aromatic groups. However, we conclude that the interaction of 
w2 with the ligand carboxylate anion is by far the most sig- 
nificant effect. This is for two reasons. First, molecular 
modelling studies, guided by NOE data, establish that the 
hydrogen bond geometries of the bound ligands are relatively 
invariant, as are the structures of the antibiotics (which are 
relatively inflexible on account of extensive cross-linking of the 
aromatic side chains). Second, contributions from other factors 
would be variable, contributing only to the observed scatter of 
the data. The major effect on the chemical shift of w2 (of up to 
2: 3.6 ppm) is therefore concluded to arise from the electro- 
static interaction with the carboxylate group of the ligand 
concerned. 

The above results show that the binding energy of the 
carboxylate-amide interaction is not a fixed quantity, but is 
cooperatively enhanced by neighbouring interactions. This 
would at first seem to deal a fatal blow to attempts to quantify 
binding interactions in molecular recognition phenomena. 
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Fig. 4 Structures of the antibiotics used in this study 
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Fig. 5 Combined plot of ligand binding energy versus limiting chem- 
ical shift of antibiotic amide NH w2 for ristocetin, eremomycin, teico- 
planin A,- 1 and vancomycin 

However, the present results show that in this system at least, 
the degree of cooperative enhancement is predictable, since it is 
strongly related to the overall binding energy. That is, carboxyl- 
ate binding energy correlates well with the magnitude of AG", 
regardless of the origin of the binding energy, either through 
hydrogen bonds or the burial of hydrocarbon (we use the term 
'burial of hydrocarbon' to include contributions from van der 

Waals contacts and any conformational bias towards that 
required for binding caused by ligand methyl groups, as well as 
the hydrophobic effect). This is striking when it is considered 
that the former represents an enthalpic component to binding, 
but the latter is largely entropically driven, at room tem- 
perature. 

In all the ligand complexes studied, the carboxylate group 
provides the key binding interaction. We have illustrated this 
cooperativity for this one specific interaction, but this effect 
must operate for other interactions on the same ligand tem- 
plate. In the present case, the effects on w2 chemical shift are the 
most convenient to monitor since the shift changes are very 
large and consequently very sensitive to differences in binding 
interactions. 

Use of the correlation to demonstrate the binding of di-N-Ac- 
Lys-D-Aia-D-Lac (Lac = lactate) to eremomycin and 
chloroeremomycin 
The good correlation observed for a large number of data 
points, representing a varied group of ligands and antibiotics, 
suggested that it could be used as a rapid way to investigate 
ligand binding. We were particularly interested in the ligand 
di-N-Ac-Lys-D-Ala-D-Lac (Lac = lactate), which is a cell 
wall analogue of bacteria which exhibit vancomycin resistance. 
The substitution of lactate for alanine results in the hydrogen 
bond between the terminal alanine amide proton and the anti- 
biotic backbone being replaced by a repulsive interaction 
between oxygen atoms (Fig. 6) .  This repulsion dramatically 
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a
A desire to rationalise the forces involved in molecular 
complexation l7-I9 and the stabilisation of highly ordered 
molecular assemblies 20-24 has lead to useful numerical estimates 
for assessing apparent binding contributions in molecular rec- 
ognition ~ tudies . '~~~" '~  Of necessity, these approaches use the 
effects of changes to ligand or protein structure at specific sites, 
but must measure effects on overall stability constants. The 
present analysis illustrates the complexity of the problem 
because extended arrays of weak interactions can cooperatively 
interact such that specific changes at one site can affect inter- 
actions elsewhere in the structure. The results presented show 
that specific interactions can be aided both enthalpically as well 
as entropically (classic chelate effect) by adjacent binding inter- 
actions. In the present context, this cooperative enhancement 
depends on the overall ligand binding energy in a predictable 
way, regardless of the nature of the interactions that stabilise 
the complex. 

The correlation between chemical shift and binding has also 
allowed us to demonstrate that di-N-Ac-Lys-D-Ala-D-Lac does 
bind to the glycopeptide antibiotics in a similar manner to di-N- 
Ac-Lys-D-Ala-D-Ala, albeit with greater reduced affinity. 

O p 3  
N-Ac-D-Ala-D-Lac C II P 

N-AC 

antibiotic binding pocket 

Fig. 6 Many bacteria which exhibit resistance to glycopeptide anti- 
biotics do so by producing cell wall peptides which terminate in 
D-lactate instead of D-alanine. This substitution leads to a repulsive 
interaction between the ester oxygen of the lactate and the carbonyl of 
residue 4 of the antibiotic. 

reduces ligand binding and so confers resistance to the 
ba~ te r i a . ' ~"~  

In order to determine whether the antibiotics were still able 
to bind di-N-Ac-Lys-D-Ala-D-Lac in the same way as di-N-Ac- 
Lys-D-Ala-D-Ala, the w2 probe was used. If the carboxylate 
of the ligand were to associate with the antibiotic binding 
pocket, a large change in the chemical shift of w2 would be 
observed. The w, chemical shift was therefore measured for 
eremomycin with a tenfold excess of di-N-Ac-Lys-D-Ala-D-Lac 
(to ensure a high fraction of bound antibiotic). It was found 
to be 10.50 ppm, 2 ppm downfield of the free w2 shift. This 
showed that the carboxylate, at least, was binding into the 
binding pocket. The w2 shift was also measured for chloro- 
eremomycin (eremomycin with a chlorine on ring 6, which is 
directed toward the binding pocket), and was found to be 10.98 
ppm. The larger downfield shift indicated stronger binding, 
thus suggesting the chlorine fulfils a similar role in the binding 
of di-N-Ac-Lys-o-Ala-o-Lac as for di-N-Ac-Lys-o-Ala-o-Ala, 
where its presence gives rise to a similar enhancement.I2 
Together, this suggests that di-N-Ac-Lys-D-Ala-D-Lac binds 
in a similar manner to di-N-Ac-Lys-D-Ala-D-Ala, albeit 
with much reduced binding affinity. Indeed, this conclusion 
is supported by analysis of crosspeaks from NOESY 
spectra.'' For the complex of di-N-Ac-Lys-D-Lac with chloro- 
eremomycin, the methyl group of the lactate is located 
adjacent to ring 2, and the methyl group of alanine is close 
to rings 5 and 7, as for the complex of di-N-Ac-Lys-D-Ala- 
D-Ala. 

Given these indications, binding constants were determined 
using UV difference spectrophotometry. These were found to be 
70 dm3 mol-' and 240 dm3 mol-' for eremomycin and chloro- 
eremomycin respectively, similar to those found by other 
workers of Eli Lilly.16 When these values are plotted against the 
respective w2 shifts on the curve in Fig. 3, the points do not fit 
the correlations as well as the data for 1-12, The binding con- 
stants are almost an order of magnitude less than would be 
predicted from the w2 shifts used in conjunction with the correl- 
ation shown in Fig. 3. However, all of the points in these figures 
are for ligands with a carboxylate and neighbouring amide. It 
would seem likely that the repulsion between the two oxygens 
subtly alters the conformation, such that the correlation 
between AG and w2 is different. Thus, although glycopeptides 
appear to bind ligands terminating in lactate in an essentially 
similar manner as those terminating in alanine, the subtle con- 
formational differences caused by the 0-0 repulsion give rise 
to the somewhat anomalous w2 shift. 

Experimental 
Preparation of ligands 
Benzyl D-lactate, which was used to prepare depsipeptide ligands, 
was prepared from lithium D-lactate according to the method 
of Losse and B a ~ h m a n n . ~ ~  Peptides and depsipeptides were 
prepared using Boc and benzyl ester protecting groups and 
24  I H-benzotriazol- 1-y1)- 1,1,3,3-tetramethyluroniurn hexaflu- 
orophosphate couplings, as per standard literature methods.'* 
Unnatural ligands were prepared as previously des~r ibed .~~ ,~ '  

Measurement of equilibrium constants 
Equilibrium constants were measured by UV difference spec- 
trophotometry using a dual beam Uvikon 960 spectro- 
photometer equipped with a temperature control bath to main- 
tain a constant temperature of 298 K. Typically, 50 pmol dm-3 
antibiotic, buffered at pH 4.5 with 0.1 mol dm-3 sodium phos- 
phate, was added to both spectrophotometer cells and ligand 
was titrated into one cell. For eremomycin, 1 mol dm-3 NaCl 
was included in the buffer to avoid changes in ionic strength 
caused by differing ligand concentrations. The wavelengths 
used to follow change in absorbance were determined by adding 
an excess of ligand and taking a difference spectrum. Data were 
collected at four wavelengths; subtraction was used to minimise 
errors due to baseline drift. Binding constants were determined 
by a least squares fitting method using Kaleidagraph (v, 2.1.3, 
Abelbeck software). Determinations were performed in tripli- 
cate and usually gave results within 10%. Binding energies were 
calculated from AG'O = -RT In K. 

NMR Spectroscopy 
All NMR experiments were performed on a Bruker DRXSOO or 
Varian Unity-plus 500 spectrometer. Samples were prepared in 
9: 1 H20-D20 buffered at pH 4.5 with 50 mmol dm-j sodium 
phosphate. 1-10 mmol dm-3 antibiotic was used; ligand con- 
centrations were calculated from K values so as to give >95% 
bound antibiotic. For eremomycin, 1 mol dm-3 NaCl was also 
included in the buffer to show that changes in ionic strength 
caused by differing ligand concentrations were not responsible 
for any observed changes in wz chemical shift. One dimensional 
experiments were performed using WATERGATE or pre- 
saturation to suppress the intense H 2 0  peak. 32K Points were 
collected and the spectrum was referenced to trimethylsilylpro- 
pionic acid (TSP). For two dimensional NOESY experiments, 
typically 2K points were collected inf2, whereas 5 12 points were 
collected inf 1 using TPPI (time proportional phase increment). 
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In the investigation of the binding of di-N-Ac-Lys-D-Ala-D- 
Lac, 10 mmol dmP3 antibiotic and 100 mmol dm-3 ligand was 
used, with the same buffer as used in other experiments. 
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