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Vancomycin, a representative member of the glycopeptide family Table 1. Thermodynamic Parameters for Complexation of

of antibiotics, has become an important agent in treatment of
infections caused by Gram-positive bacteria resistant to many

antibiotics, of which methicillin-resistarftaphylococcus aureus
(“MRSA") is one important exampl&? Understanding of the causes
of antibiotic resistance and the mechanisms of action of the
antibiotics is central in our ability to treat infections by these
organisms.

The cell wall is critical for survival of bacteria. As such, the
cell wall itself and its biosynthetic enzymes are targets of antibiotics.
The backbone of the cell wall is made up of alternatiNg
acetylglucosamine (NAG) and-acetylmuramic acid (NAM). The
NAM residues are incorporated with a pentapeptidyl stem, termi-
nating in acylp-Ala-p-Ala. This terminal acybk-Ala-p-Ala is the
site of the critical cross-linking of individual peptidoglycan residues
to each othef Both -lactam and glycopeptide antibiotics interfere
with the cross-linking stepf-Lactams are mechanism-based

inhibitors of transpeptidases, enzymes that perform the cross-linking

reaction3~® Glycopeptides form a noncovalent complex involving
a network of five critical hydrogen bonds to the acyAla-p-Ala
portion of the individual cell wall peptidoglycan, preventing the
formation of the cross-linked produ&f.Some glycopeptide anti-
biotics also inhibit transglycosylasé$.

In our efforts toward understanding of the processes that involve
the bacterial cell wall, we have undertaken the syntheses of its

various components. Toward this goal,
preparation of compounds-4.%1°Compound4 has four alternating
NAG and NAM. The NAM have been appended with the
pentapeptidyl stem (NAM-Ala-y-p-Glu-L-Lys-p-Ala-p-Ala) seen

in many bacteria. The synthetic compouridand 2 are smaller
fragments of compound. In someS. aureus the y-p-Glu is
substituted withy-p-GlIn, and compoun@ was prepared to mimic
this possibility. In this report, we have investigated the thermody-
namics of interactions of these mimics of cell wall structure
(compoundd.—4) with vancomycin. The data indicate that enthalpy
is the primary driving force in complexation between these cell
wall surrogates with vancomycin. However, the larger peptidoglycan
4 interacts with vancomycin in a more complicated manner,
involving cooperativity in binding of a second antibiotic, which is
explained in light of the recently solved structure for the bacterial
peptidoglycari!

The earlier studies of the interactions of glycopeptide antibiotics
with cell wall fragments have been limited to the use of diacetyl-
L-Lys-D-Ala-D-Ala ((Ac),KAA; see ref 7 and the citations therein).
Compoundd.—4 have the full pentapeptidyl stem in their structures,

Vancomycin with Cell Wall Fragments in Sodium Acetate Buffer,
pH 4.7 (298 K)2

K AG° AH° TAS
ligand (] (kJ mol™4) (kI mol™4) (kI mol™4)
(AC).KAA (4.8 +0.7)x 1P —32.44+0.4 —40.1+1.0 —-7.7+£10

(6.6+1.0)x 1° —33.2+0.4 —40.2+1.0 -7.0+1.0
2 (5.44+0.8)x 10° —32.740.4 —39.2+1.0 —-6.54+1.0
3 (25+0.3)x 1° —30.84£0.3 —40.2+1.0 —-9.4+1.0
4 (1st) (1.1£0.2) x 10° —34.54+0.5 —41.2+1.0 -6.7+£1.0
4 (2nd) (4.0+£0.7)x 10° —32.0+£ 0.5 —454+1.0 —13.4+1.0

a8 Results of microcalorimetric experiments are in good agreement with
a 1:1 complexation model for the first four entries and with a 2:1
complexation model for compound

reported®© Preparation of4 was the most challenging, a task
accomplished in 37 synthetic stefs.
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Affinity of (Ac) .KAA toward vancomycin in aqueous acetate

we have reported the  tor was determined previoust¥,and thus it was used as a

reference compound in our isothermal titration calorimetry (ITC)
experiments. The values for the association conskgrftdm earlier
work and from our experimental ITC data (Table 1) are in a good
agreement. Association of (A®AA with vancomycin is driven
exclusively by the enthalpy change with some entropic drawback
(Table 1).

Peptidoglycand and2 exhibit similar thermodynamic parameters
for complexation with vancomycin, when compared with K&A,
indicating that the saccharide units bfand2 do not participate
directly in complex formation. However, conversion of the nega-
tively chargedy-p-Glu (as inl and2) to uncharged-p-Gln (as in
3) resulted in reduction in affinity of approximately 2-fold, which
is due to an entropic contribution. This entropic difference is likely
due to differences in solvation of the carboxylate versus the amide.
The associations of these peptidoglycan derivatives with vanco-
mycin fit to a 1:1 complex between the two.

Interestingly, the situation with peptidoglycash was quite
different. Experimental ITC data indicate two distinct binding
events. A 1:1 complex formation between one vancomycindand

and they each contain from one to four of the sugar residues. Eachy, s followed by binding of an additional vancomycin molecule to
compound was prepared for this study in multistep syntheses, asye 1.1 complex. A distinctive pattern of experimental data points
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allowed reliable determination of association constants and ther-
modynamics parameters for the first and the second binding events
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from the same titration curve. The association constant for the first
vancomycin binding event td increased by slightly over 2-fold,
compared to the related peptidoglycanand 2, a predominantly
enthalpy-driven process. This observation might suggest the exist-
ence of certain weak electrostatic interactions of the second peptidyl
stem of4 with vancomycin. Significantly, we observe an additional
favorable enthalpic increment and a more unfavorable entropic
contribution for the second step events (i.e., complef-w&nco-
mycin + vancomycin). These data are suggestive of contact between
two vancomycin molecules (gain of enthalpy due to additional Figure 1. Stereoview of the complex of compouddvith two vancomycin

. . . . _molecules. Compound is shown in capped-sticks representation, colored
electrostatic interactions, such as hydrogen bonding). The entroplcaccording to atom types (C, N, and O in yellow, blue, and red). The

penalty on the other he!nc.i can be attributed to restr_ict_ion of vancomycin molecules are shown in Connolly solvent-accessible surfaces,
molecular movements within the complex due to restriction of colored in orange and cyan. The red arrow is used to point to the region of

motion of the highly mobile acyib-Ala-p-Ala moiety of the peptidyl interaction between peptide and the second vancomycin.
stem (elaborated below). . . . o .
The pioneering early work has revealed that glycopeptide to two peptide stems in one peptidoglycan is impossible based on

antibiotics, inc|uding Vancomycin, are prone to dimerizafiéh. the NMR StrUCtUre). However, the ITC and the molecular dynamiCS

However, the cooperativity that we see in the two binding events results confirm the cooperative binding ability of two vancomycin
of vancomycin to4 is not due to dimerization. These experiments Molecules on the cell wall mimic, an event that is likely to take
were done under conditions that did not favor dimer formation Place in vivo based on the favorable thermodynamics.

(concentrations of vancomycin below the equilibrium constant for
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the dimerization). Nonetheless, it would appear that the first binding Institutes of Health

event influences the second. This information on complexation is
revealing in light of the solution (NMR) structural information that
has recently emerged for peptidoglycarfrom our laboratory!
Glycopeptided is a dimer of the repeating unit of the bacterial
cell wall (NAG—NAM —peptide), and the three sets of torsion

Supporting Information Available: Microcalorimetric titration

experiment conditions and titration curves and computational proce-
dures. This material is available free of charge via the Internet at http://
pubs.acs.org.

angles that define the rotamers for the glycosidic bondéwére
shown to be constant in the structure. The highly regular structure
of 4 allowed the construction of a larger model for the peptidoglycan
with the preservation of the requisite glycosidic torsion angfles.
The structure of the peptidoglycan model conforms to a right-
handed helix with respect to the saccharide backbone. The
pentapeptidyl stems project outward from the central helical motif.
Whereas the helical motif of the saccharide backbone is stable, in
the peptide, only the-Ala-y-p-Glu portion of the peptidyl stem
conforms to some minimal structure; the acylys-b-Ala-p-Ala
portion of the peptidyl stem apparently does not conform to any
three-dimensional structure (absence of NOE measurements in
NMR experiments and dynamics simulatiohsps such, binding

of two vancomycins to glycopeptiderestricts the motions of both

the vancomycin molecules and the acyllys-p-Ala-p-Ala moieties

in both peptides, consistent with the entropic penalty documented
in Table 1.

The NMR structure of compound complexed to two vanco-
mycins was constructed and submitted to explicit-solvent molecular
dynamics simulations over the course of 12 ns (MPEG animation
in Supporting Information). In the early stages of the trajectory,
the vancomycin molecules were distal from each other. At
approximately 5 ns, the vancomycin molecules were seen approach-
ing each other, culminating in the structure that is shown in Figure
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