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19F NMR in the measurement of binding affinities of
chloroeremomycin to model bacterial cell-wall surfaces

that mimic VanA and VanB resistance

Richard MH Entress, Robert J Dancer, Dominic P O'Brien, Andrew C Try,

Matthew A Cooper and Dudley H Williams

Background: The emergence of bacteria that are resistant to vancomycin, the
drug of choice against methicillin-resistant Staphylococcus aureus, has made the
study of the binding characteristics of glycopeptides to biologically relevant
depsipeptides important. These depsipeptides, terminating in -D-alanyl-D-lactate,
mimic the cell-wall precursors of resistant bacteria.

Results: The use of '9F-labelled ligands in the study of the therapeutically
important vancomycin series of antibiotics is demonstrated. The substantial
simplification of spectra that occurs when such labelled ligands are employed
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is used in the measurement of binding affinities of depsipeptides to
chloroeremomycin (CE). Large enhancements of binding affinities are found at
a model bacterial cell-wall surface (constituted from depsipetides that are
anchored into vesicles) relative to those measured in free solution.

Conclusions: Surface-enhanced binding, previously shown for strongly
dimerising glycopeptide antibiotics to normal -D-alanyl-D-alanine-terminating
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cell-wall precursors, is now demonstrated for CE to the surface of models of

VanA- and VanB-resistant bacteria. The effect of depsipeptide chain length is
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shown to be critically important in producing and maximising this enhancement.

Introduction

The clinically important vancomyein group of antibiotics
bind to the cell-wall precursor C;-NAG-NAM-alanyl~
D-glutamvl-lysyl-D-alanyl-D-alanine on the surface of
gram-positive  bacterial membrancs, inhibiting cell-wall
biosynthesis, lcading to the death of the bacterium [1,2].
T'hey are now the last line of defence against many strains
of pathogenic bacteria, especially methicillin-resistant

Staphylococeus aurens (MRSA) [3,4].

These antibiotics, with the exception of teicoplanin, have
been shown to dimerise along the opposite face of the
antibiotic to that involved in ligand binding [5-7]. For most
of those antibiotics that dimerise, it has been shown that
the binding of a ligand to these antibiotics increases their
dimerisation constants and that dimerisation leads to higher
binding constants, that is, dimerisation is cooperative with
ligand binding and wice versa [5].

Previous work in this group [8.9] has demonstrated that
there is an increase in the free energy of binding of glvco-
peptide antbiotics to cell-wall precursors when they are
bound to a model cell-wall system rather than cell-wall
precursors in free solution. We define the complex formed
between an antibiotic dimer bound to two surface-bound
ligands as a templated complex. When a dimeric antibiotic

binds to the cell surface. a significant portion of the
entropic cost of binding is paid in the first binding event
and hence the sccond binding event becomes effectively
incramolecular. "This chelate-like enhancement results in
stronger binding  to ligand and hence an increase in bio-
logical activity [5,9,10]. We have previously demonstrated
an excellent correlation between binding constants mea-
sured in such model systems with the corresponding
binding constants on the actual bacterial surface [8,11].

Tt 1s known that bacteria become resistunt to vancomyein
through the modification of the terminal D-alanine (D-Ala)
residue in their growing cell wall to D-lactate (D-Tac).
The transformation of an amide bond to an ester replaces
an atcractive carbonyl-NIH hvdrogen bond with a repul-
sive interaction between the ester oxvgen from the D-T.ac
and the same carbonyl group within the binding pocket of
the antbiotic (Figure 1) [12.13]. This substandally
reduces the binding affinity of the antibiotic in solution
(K, moves from 1.3 x 10° M~ for chloroeremomyvein (CE)
bound to di-V-acetyl-lvsyl-D-alanvl-D-alanine (Ac-Tri-
Ala) to 920 M=t bound to di-N-ucetyl-lvsyl-D-alanyl-D-
lactate (Ac-Tri-Lac)). Te is this reduction in binding that
appears to render the antibiotic, and the closely related
antibiotic  vancomycin, therapeutically  useless  against
VanA- and VanB-resistant bacteria [14-16]. [ence, the
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Resistance to vancomycin. In vancomycin-resistant enterococci, the
terminal D-alanine residue of the immature cell wall has been replaced
by D-lactate. This change drastically reduces the binding affinity to
glycopeptides, as an NH group (a), which can form a hydrogen bond,
is replaced by an oxygen atom (b).

binding affinities of lactate-terminating ligands at a
surface are of great interest. We now demonstrate a useful
and novel method for the determination of binding con-
stants of vancomycin-group antibiotics to model bacterial
surfaces in general, and in pardicular to those bearing
D-Lac-terminating ligands.

Results and discussion

Micelles formed from sodium dodecvl sulphate (SDS)
have been used as a model cell-membrane system to
demonstrate the enhancement of activity through tem-
plated binding [9,17]. The system suffers from a number
of distinct disadvantages, however. The high negative-
charge density on the surface and small radius of curva-
ture of the micelles is unlikelv to allow the maximum
possible enhancement of activity. Vesicles, prepared
from phosphatidylcholine (PC), mimic the actual cell
membrane more closely. PC, which is a component of
cell membranes, forms a bilaver structure rather than the
single layer of lipid found in micelles. The significant
increase in volume of vesicles over their micellular
counterparts, with concomitant increase in surface area
and reduction in radius of curvature, should considerably

reduce the strain within the ligand-dimer complex as the
surface of the vesicle 1s closer to planarity, and therefore
more similar to the surface of a bacterium. Additionally,
the net charge associated with the vesicle is zero. For
these reasons, vesicles have now replaced micelles in our
experiments demonstrating templated binding at cell-
wall surfaces (Figure 2) [8].

Cell-wall-precursor analogue peptides have been synthe-
sised previously with hydrophobic  decanoyl and
docosanoyl chains attached to the amino terminus [9,18]
and they have been shown to anchor to model cell mem-
branes such as vesicles [8,9]. The arrangement of vesicle
and anchored cell-wall analogue is similar to the bacterial
cell surface. where the cell-wall precursors arc anchored
to the bilayer by a (55 chain. Because of the large size of
the vesicles used (typicallv 100 nm  diameter), any
species associated with a vesicle will take on the slow
tumbling properties (for rotation) of the vesicle itself,
resulting in almost total broadening of nuclear magnetic
resonance (NMR) signals. This effect can be used to
determine whether complexes are anchored to the
vesicle surface [8].

In previous 'TH NMR competition cxperiments, the
antibiotic was antagonised from the surface-bound ligand
under study by another ligand of known binding affinity
to the antibiotic [8,9]. The proportion of antibiotic bound
to the vesicle in these experiments was determined by
intcgration of certain pcaks corresponding to aromatic
protons on the antibiotic, This analvsis is complicated by
neighbouring overlapping resonances and a variation in
the degree of broadening of those resonances. Further-
more, it 1s difficult to obtatn accurate integrals of small
peaks when much larger peaks, such as residual water, are
present in the spectra. The use of 1IF NMR and a fluori-
nated ligand has a number of distinct advantages over the
previous methods. The spectra are far simpler and casier
to obtain than '"H NMR spectra because of the absence of
anv other F signals in the sample. For example, there is
no need for solvent suppression and the difficulties asso-
ciated with recciver gain in the observation of small
signals in a mixture arc significantly reduced. This results
in spectra that are easier to interpret and leads to more
accurate integrals. Sccond, with the use of a fluorinated
ligand as the antagonist, the only observed signals would
be those for fluorinated ligand bound, and not bound, to
antibiotic. The bound signal would represent fluorinated
ligand that had successfully competed antibiotic from the
vesicle (Figure 3). A fluorinated species of known con-
centration was used as an external reference, and the
integrals of the signals were used as a direct measure of
the concentration of the relevant species present, allow-
ing the calculation of the binding affinities of the
anchored ligands. The 'F label was readily introduced
into the required ligands by wrifluoroacetrylation of the
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Figure 2
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T'o obtain uscful results from competition experiments,

the competing ligand must have a binding affinity of

similar magnitude to that of the templated complex. The
peptide  V-o-ucervi=V-g-trifluoroacervi-lysvl-D-ulanvl-
D-alanine ('TAc-Tri-Ala) was therefore svnthesised, as
it was expected to have a binding affinity similar to that
of the nonfluorinated tripeptide Ac-Tri-Ala. The binding
affinity of this ligand to CE, as determined by ultra-
violet (UV)  difference  spectrophotometry [20],
7.7 2 0.1 x 10> NI which s similar to

1.3 x 10° N1 for Ac-"I'ri-Ala [10]. As antibiotic dimerisa-
tion is an important factor in producing a strongly tem-

was

plated complex. the antibiotic chosen for this study wuas
CE. which has u high dimerisation constant (K
1.1 x 107 N1 when bound, K

dim

=1.8x 10>\~ when

dim

the valuc of

logues (FFigure 4) [10].

work has demonstrated that the of a
decanoyl chain attached to depsipeptides can lead to

templated  binding  enhancements,  but with

Previous use
only
peptides long enough to allow the alkvl chain to insert
into the membrane [9]. For this reason we chose to study
a serics of ligands, investigating the cffect of chain

length on templated binding e¢nhancements.  Five
depsipeptide hgands were studied:  V-o-acetvl-V-g-

acctvl-lysvl-D-alanvl-D-lactate (Ac-Tri-Lao), V-o-acervl-
D-y-glutamyl-V-g-acervi-lvsvl-D-alanvl-D-lactute  (\e-
Tetra-Lac), N-o-decanovl-D-y-glutamvi-\V-g-aceryl-lvsyl-
D-alanvl-D-lactate (Dec-Tetra-lac), V-o-docosanovl— D-v-
glutamvl-\V-g—accevl-lvsvl-D-alanvl-D-lactate (Doc-"T'ctra-
Lac), and N-o-docosanovl-glvevl-alanvl-D-y-glutamyi-
N-g-acetvl-lvsvl-D-alunyl-D-lactate (Doc-Hexa-Tac). The
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Figure 3
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affinities of Ac-Tri-l.ac and Ac-Tetra-I.ac were measured concentration [21,22]. The remaining ligand affinities
in solution by the method of monitoring the chemical were all measured using the 1"F NMR method in the
shift of the w, proton (Figure 4) with increasing ligand presence of vesicles. Note that the broadness of antibiotic

Figure 4
oH Exploded view of the complex formed
between CE and the fluorinated ligand
NHg"  HO /\ $HOH TFAc-Tri-Ala. The w,, proton is indicated.
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resonances when bound to a vesicle precludes the use of
the w, method in these cases.

In all F NMR experiments, an external reference of
trifluoromethanesulfonic acid (TfOH) of known concen-
tration was used to convert relative integrals to concentra-
tions. The concentration of the TfOH reference was
calibrated from a spectrum of the external reference with a
TFAc-Tri-Ala solution of known concentration. To calcu-
late the binding affinities of the ligands to CE, an equa-
tion was derived from a consideration of the known
species and the equilibria involved.

The two competing equilibria are:

f+aea; K, = [f][a] (1

and:

l+aea K=

Equation 1 describes the cquilibrium existing between
bound and unbound fluorinated ligand, where f represents
free TIFAc-Tri-Ala, a represents free antibiotic, and a, rep-
resents T'FAce-Tri-Ala bound to antibiotic. Equation 2
describes the same situation for the ligand anchored to the
vesicle, where | represents unbound anchored ligand, and
a; represents anchored ligand bound to antibiotic. "These
lead to expressions for Ky and K|, which are the corre-
sponding binding constants. Also relevant are the mass
balance expressions relating total antibiotic and anchored
ligand concentrations. These arc:

la] = [a] + [a;] + [a] (3)
(11 =11+ [a] 4

where a, and 1 arc the total concentrations of antibiotic
and anchored ligand respectively. From a consideration of
these equations, it is possible to obtain an expression for
K, (sce Supplementary material):

REEEN] @

[£]K/

[t should be noted that the true dimensions of the
surface-binding constant K, arc not M-' but quoting
them as such provides a useful quantitative refercnce to
solution binding constants [8].

where x = [a ] — [a] - [1], and [a] =

Figures 5 and 6 show the results of two '"F NMR titration
experiments with the depsipeptides Dec-"l'ctra-Lac and
Doc-Hexa-lLac in the presence of vesicles. and a portion
of the spectra from the corresponding '"H NMR broaden-
ing experiments. Also shown is the relevant portion of the
"H NMR control spectrum — that of CE and ligand with
no vesicles. The first serics of spectra are those for the
study of binding to Dec-Tetra-Lac (Figure 5). Note that
in the “F NMR spectra only two signals are present —
those representing free ligand and ligand bound to antibi-
otic (Figure 5a). Using the equation derived previously,
the affinity of Dec-Tetra-l.ac for the antibiotic is calcu-
lated to be 1.0 x 10+ M~'. Although this value is greater
than that for Ac-Tri-Lac (920 M-"), within experimental
error it is the same as that for Ac-"T'erra-Lac (Table 1). An
important conclusion can be derived from the above
data: even in free solution Ac-Tetra-lac binds to CE
more strongly than does Ac-"Tri-Lac by a factor of ~ 13,
‘The difference between the tri- and tetra-depsipeptides
is that of a D-glutamate (D-Glu) residue in the latter com-
pound. It must be concluded that the D-Glu residue pro-
motes much stronger binding to CE. It is striking that,
from a '"H NMR study of the binding of a cell-wall ana-
logue terminating in alanvi-D-glutamyl-V-acetvi-lysvl-
D-alanvl-D-alanine to CE [23], the y-carboxyl group of
the D-Glu residue is concluded to be in a close proximicy
to the NH¥* group of the 4-¢pi-vancosamine, which is
attached to residue 4 via glucose. Although the scudy did
not propose that significant binding might derive from
such an interaction, we suggest that in the case of the
binding of Ac-Tetra-Lac to CE, the interaction is proba-
bly largelv the origin of the increased affinity relative o
Ac-Tri-Lac. If the Dec-Tetra-Lac system were templated
on the surface of the vesicles then one would expect to
observe almost total broadening of signals in the '"H NMR
spectrum (Figure 5¢) [8]. The distinct lack of broadening
in the spectrum with vesicles (relative to the spectrum in
the absence of vesicles; compare Figure 3b and 5¢) is in
agreement with the "F NMR result in so much as it con-
tirms that little or no templating is occurring. The
binding affinity was also calculated, in the absence of
vesicles, using the method of following the chemical shift
of the w, proton with a range of ligand concentrations
[21,22], and the result was in excellent agreement with the
19F NMR method, again indicating that, in the ™F NMR
experiment, no templated binding was occurring (1'able 1).

T'he second series of spectra are for the ligand Doc-
Hexa-Lac (Figure 6). Note the large increase in the
binding affinity of the anchored docosanovl ligand for
CE, apparent from the peak for free TFAc-"I'ri-Ala being
significantly more intense than the bound pcak for all
concentrations of T'FAc-Tri-Ala (Figure 6a). In this case,
the system benefits from the cooperative enhancement
to be gained from templating that resules from the ligand
being long enough to allow insertion of the docosanoyl
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Figure 5
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of TFAc-Tri-Ala into a solution of CE (0.5 mM),
Dec-Tetra-Lac (1.5 mM), and 100 nm
i 10mM PC vesicles in 9:1 0.1 M phosphate
| buffer:D,0 at 298 K. Note that the bound
peak dominates the spectra for all
concentrations of TFAc-Tri-Ala (shown for
each titration point), indicating a relatively low
binding affinity of the depsipeptide for CE.
(b) Portion of the TH NMR spectrum of
0.2 mM CE and 1.0 mM Dec-Tetra-Lac in the
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"H NMR spectrum of 0.2 mM CE and 1.0 mM
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chain into the membrane. This system gives the largest
cnhancement seen for a depsipeptide ligand as deter-
mined using the YF NMR method, the binding affinity
being calculated as 2.5 x 10> M-, The 'H NMR data
(Figure 6b,c) are again in agreement with the '9F NMR
data in that there is extensive broadening of the signals
in the presence of vesicles (Figure 6¢), indicative of a
templated svstem. There 18 a notable difference
between Figure 5b and Figure 6b, however. The former

spectrum 1s characteristic of CE bound to cell-wall ana-
logues in solution, whereas the latter is characteristic of
CE in its free state. The '"H NMR spectrum of CE in
Figure 6b illustrates that as 1 mM Doc-Hexa-Lac is
above its critical micelle concentration (0.10 mM) the
Doc-Hexa-Lac is not available to bind CE (presumably
due to steric crowding of many depsipeptide termini at
the surface of the micelle). Table 1 summarises the
resules obtained.
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Figure 6

NMR spectra illustrating templated binding to
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Significance to be approached in solution, so there is less to gain
For the vancomycin group of antibiotics, there is likely to through the addition of extra interactions such as templat-
be an intrinsic upper limit for their binding affinities to ing. The binding of the ligand Doc-Tri-Ala to chloroere-
cell-wall analogues [8,11]. In the case of strongly binding momycin (CE) on a surface has been measured using
D-alanine (D-Ala) terminating ligands this limit is likely surface plasmon resonance, giving a value of 2 x 107 M-!
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Table 1

Binding constants of various depsipeptides to CE in the
presence of PC vesicles, from '?F NMR competition
experiments, and in the absence of vesicles, from the w,
method.

Ligand 19F NMR (M) wy (M)
AcKpAbpLac 920+ 50
AcDEKDADLac 1.2 x 104 £ 2000
decbEKDADLac 1.0x 104 £ 1900 9.0x 103 £ 2000
docbEKDADLac 2.2x 104+ 2400

docGADEKDADLac 25x10%+3x104

The abbreviations used for the ligands are different from those used in
the text. Single-letter amino-acid code is used here for the amino acids
in the ligands.

[24] compared to 1.3 x 100 M-1 for Ac-Tri-Ala in solu-
tion [10]1—a 15-fold enhancement. Increasing the
number of residues after lysine has been shown to offer
no significant enhancement in binding affinity to the gly-
copeptides for D-Ala-terminating ligands [2]. We can
therefore take this value of 2 x 107 M-! as being close to
the upper limit measurable within our model system.
Indeed, the binding of D-Ala-terminating ligands seems
to limit near to 105 M-! on the surface of bacteria [11].
In the case of the D-lactate (D-Lac) terminating ligands,
however, there is a greater potential to gain binding
affinity through cooperative enhancements such as tem-
plating. Thus, there is an enhancement of over 250-fold
for Doc-Hexa-Lac (2.5 x 105 M-1) over the weak binding
of Ac-Tri-Lac (920 M-!), demonstrating that binding
can increase significantly for peptides longer than three
residues. Care must be taken to distinguish between the
enhancement from templating and from other effects.
For example, the increase in affinity from Ac-Tri-Lac to
Ac-Tetra-Lac is a result of the addition of the glutamate
residue. It is unlikely that further residues will affect the
binding in free solution to the same degree because they
do not interact significantly with the antibiotic [23]. The
experiments illustrate the general principle that coopera-
tive enhancements are likely to be relatively greater
when the initial complex is loose.

Recently, derivatives of CE have been developed
bearing hydrophobic groups on the 4-epi-vancosamine
on the residue-4 disaccharide [25], and these hydropho-
bic groups have been shown to act as membrane
anchors [8,26]. These derivatised antibiotics show signif-
icant activity against vancomycin-resistant gram-posi-
tive bacteria [26,27] through strengthened binding on
the bacterial surface [8,26], although any increase in
activity against vancomycin-sensitive bacteria is less
marked [27]. In combination with our previous work
[8,9], the illustration here of the greater cooperative

enhancement possible from initially looser complexes
offers a self-consistent explanation for this phenomenon.

Materials and methods

Materials

Type XV1-E L-a-Phosphatidylcholine (99%, from fresh egg yolk) was
purchased from Sigma. Solvents were purified according to standard
procedures [28].

Preparation of phosphatidylcholine vesicles

Small unilameliar vesicles (SUVs) were prepared in 0.1 M phosphate
buffer at pH 7 by extrusion [29]. Type XV1-E L-a-phosphatidylcholine
from fresh egg yolk (Sigma, 64 mg, 80 mmol) was dissolved in ethanol-
free chloroform (10 ml) in a 250 ml round bottom flask and deposited
as a thin film after removal of the solvent under reduced pressure. The
lipid was dried under high vacuum for 2 h, then phosphate buffer (8 ml)
was added to give a 10 mM suspension. The lipid was shaken for
30 min, and was sonicated for 30 min to give a translucent solution. It
was then passed between 17 and 21 times through a 100 nm pore
size polycarbonate filter in an Avestin Lipofast Basic™ extrusion appa-
ratus. This solution was then made up to a 9:1 mixture of SUV:D,0.

Mass spectrometry

Electrospray mass spectra were recorded on a VG Bio-Q machine
using a source temperature of 70°C, a capillary potential of 4 kV and a
cone voltage of 40 V. The eluent was a 1:1 mixture of water and ace-
tonitrile with a flow rate of 4 pl min~?,

NMR spectroscopy

All "H NMR experiments were performed on a Bruker DRX-500 spec-
trometer at 298 K. One-dimensional spectra were recorded using 32k
complex data points.

All °F NMR experiments were performed on a Bruker AM-400 spec-
trometer equipped with a "°F/'"H probe at 298 K. One-dimensional
spectra were typically recorded at 376.47 MHz using 8k complex data
points over a spectral width of 6.9 ppm.

General procedure for NMR titrations

Titrations with vesicles. All titrations were performed at 298 K. The
antibiotic concentration used in all of the titrations was 0.2 mM, and the
depsipeptide concentration 1.0 mM, with the exception of the titration
for Dec-Tetra-Lac in which they were 0.5 mM and 1.5 mM respectively.
The concentration of TFAc-Tri-Ala used was dependent upon the esti-
mated binding constant of the ligand: the higher the expected binding
constant, the higher the concentration of TFAc-Tri-Ala. During the titra-
tion, a total of up to 50 ul of TFAc-Tri-Ala was added in 10 ul aliquots
to 500 pl of the antibiotic/anchored ligand solution. All samples (antibi-
otic, ligand, TFAc-Tri-Ala) were prepared by dissolution in phosphate
buffer (pH 7.4) with adjustment to pH 7.4 as required. These samples
were lyophilised. The antibiotic and decanoyl/docosanoyl ligand were
dissolved in a 9:1 solution of SUV:D,O (without sonication), and TFAc-
Tri-Ala was dissolved in 9:1 phosphate buffer:D,O.

A sample of TfOH in water was used as an external reference (in a glass
insert in the NMR tube) for both chemical shift and relative peak inte-
grals. The TFOH concentration used (~ 1 x 104 M~") was such that its
corresponding peak in the 19F spectrum was of similar intensity to the
other 19F resonances to be observed. The relative integral of the TFOH
peak was calibrated from a spectrum of TFAc-Tri-Ala of known concen-
tration containing this TIOH insert. In order to adjust for the loss of any
19F signal from TFAc-Tri-Ala due to non-specific binding of TFAc-Tri-Ala
to the vesicle/ligand complex, an experiment was performed in which
TFAc-Tri-Ala solution was titrated into a solution of ligand and vesicles
(i.e., in the absence of antibiotic). Any such loss of '°F signal was below
the limits of observation, however (< 49%). This control was performed
for each different ligand examined. Experiments demonstrating the non-
association of CE for vesicles has previously been published [8].
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Measurement of association constants by UV difference
spectrophotometry

All experiments were performed using a dual beam 940 spectropho-
tometer equipped with a thermocirculator maintaining a constant tem-
perature of 25°C. Two samples, each 2.5 ml of a 256 uM solution of
chloroeremomycin dissolved in pH 8 0.10 M phosphate buffer, were
placed in cuvettes, one being the sample cell and the other the refer-
ence cell. A spectrum from 200 nm to 300 nm was then recorded. A
ligand solution was prepared by dissolving ligand in the cuvette in the
antibiotic solution, so as to keep the concentration of antibiotic in the
cuvette constant, at a ligand concentration such that {using an estimate
for the binding constant) 1 ml of this solution added to the antibiotic
solution would give rise to 95% of the antibiotic bound. 1 ml of this
solution was then added to the cuvette containing the antibiotic. The
maximum changes in absorbance were observed to be at 264 and
231 nm, and so these wavelengths were monitored throughout the
subsequent titration. The titration was then carried out with a fresh
antibiotic sample, with ligand solution being added in 10 pl aliquots,
and the difference in absorbance between the two wavelengths noted.
The association constant was determined by curve-fitting a plot of
change in absorbance against ligand concentration using Kaleidagraph
(Abelbeck Software). Determinations were always carried out in tripli-
cate, the average result being quoted, with the error being derived from
the result with the largest deviation from this average.

Supplementary material
The details of the synthesis of all peptides used in this study and the
determination of an expression for K| are available on the internet.
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