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In order to seek vancomycin analogs with improved performance against VanA and VanB resistant bac-
terial strains, extensive computational investigations have been performed to examine the effects of side-
chain and backbone modifications. Changes in binding affinities for tripeptide cell-wall precursor mimics,
Ac2-L-Lys-D-Ala-D-Ala (3) and Ac2-L-Lys-D-Ala-D-Lac (4), with vancomycin analogs were computed with
Monte Carlo/free energy perturbation (MC/FEP) calculations. Replacements of the 3-hydroxyl group in
residue 7 with small alkyl or alkoxy groups, which improve contacts with the methyl side chain of the
ligands’ D-Ala residue, are predicted to be the most promising to enhance binding for both ligands. The
previously reported amine backbone modification as in 5 is shown to complement the hydrophobic mod-
ifications for binding monoacetylated tripeptides. In addition, replacement of the hydroxyl groups in res-
idues 5 and 7 by fluorine is computed to have negligible impact on binding the tripeptides, though it may
be pharmacologically advantageous.

� 2009 Published by Elsevier Ltd.
1. Introduction

Multi-drug resistant bacterial infections, such as those caused
by methicillin resistant Staphylococcus aureus (MRSA), are a seri-
ous, global healthcare problem.1 Recent data indicate that more
deaths are now caused annually by MRSA infections than by HIV/
AIDS in the United States.2 Also known as the ‘superbug’, MRSA
is resistant to many commonly used b-lactam antibiotics.3 The
treatment of choice is usually vancomycin (1), a glycopeptide anti-
biotic which has a crosslinked heptapeptide scaffold and a disac-
charide appendage that consists of D-glucose and L-vancosamine
(Fig. 1a).4 Vancomycin interrupts cell-wall biosynthesis in gram-
positive bacteria by binding to the D-Ala-D-Ala dipeptide terminus
of the peptidoglycan cell-wall precursor.5 The strong binding inter-
actions between vancomycin and the D-Ala-D-Ala dipeptide are
characterized by five backbone–backbone hydrogen bonds.4 The
resistance mechanism of the common vancomycin-resistant phe-
notypes, VanA and VanB, is to reprogram the D-Ala-D-Ala terminal
sequence to the D-Ala-D-Lac depsipeptide upon exposure to vanco-
mycin-type antibiotics, resulting in a 1000-fold decrease of the
antibiotic activity.6

In response to the emergence of vancomycin-resistant bacterial
strains, much effort is being directed to the development of sec-
ond-generation glycopeptide antibiotics.7 A common approach in
glycopeptide analog development is to apply semisynthetic modi-
fications, including side chain and glycosidic substitutions, on the
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existing glycopeptide antibiotics or their aglycon forms. Oritavan-
cin and televancin are two examples of semisynthetic second-gen-
eration glycopeptide antibiotics based on the vancomycin
scaffold.8,9 Many of the semisynthetic derivatives feature non-
binding site modifications that do not affect directly the interac-
tions with the peptide termini of cell-wall precursors. For example,
oritavancin is active against VanA strains, but its binding affinities
for cell-wall precursor mimics with D-Ala-D-Ala (3) and D-Ala-D-Lac
(4) sequences remain very similar to those of vancomycin.8

The non-binding site modifications are usually made at the ter-
mini of the heptapeptide core or on the carbohydrate. Hydrophobic
substitutions on the vancosamine have been demonstrated to en-
hance antibacterial activity by promoting dimerization of the gly-
copeptide and by enabling the analog to anchor into the bacterial
membrane.10 Dimerization appears to be beneficial due to result-
ing cooperative binding of the target ligands.10,11 A productive ap-
proach has been to link covalently vancomycin derivatives at the
C-termini or through the sugar motifs.12 The membrane anchoring
has been suggested to be bactericidal by causing membrane per-
meation and depolarization.7j The addition of an amino sugar unit
at residue 6, as in oritavancin and chloroeremomycin, has been
shown to be beneficial as well to overcome vancomycin resistance
by promoting the dimerization of the analogs.10a,11c Alternatively,
Ge et al. have shown that chlorobiphenyl substitution on the van-
cosamine is capable of restoring antibacterial activity of an inactive
vancomycin derivative, which has a damaged carboxylate-binding
motif lacking residue 1.7b This finding demonstrates that the trans-
glycosylation process of peptidoglycan biosynthesis may be di-
rectly interfered with using modified glycopeptides.5d,13 Another
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Figure 1. (a) Vancomycin (1), its aglycon (2), amine analog (5), and the tripeptide cell-wall precursor mimics (3, 4). Potential hydrogen-bonding interactions are highlighted
for the complex, (b) teicoplanin and its aglycon.

S. S. F. Leung et al. / Bioorg. Med. Chem. 17 (2009) 5874–5886 5875
benefit of hydrophobic substitutions is that they can improve the
pharmacokinetic and pharmacodynamic properties of glycopep-
tide analogs for more effective clinical treatment.7g Alternatively,
improvement in antibacterial activity can be achieved by bifunc-
tional derivatives. For example, vancomycin derivatives that are
covalently linked to a b-lactam antibiotic have shown superior
antibacterial activities than their parents.14

Binding-site modifications have also been pursued to produce
vancomycin mimics. McAtee et al. explored nitrile substitution of
the carboxamide side chain of Asn3 in vancomycin and derivatives,
and they found it generally to be detrimental.15 However, the the-
oretical investigation of Axelsen and Li predicted that the binding
of the depsipeptide sequence can be enhanced by increasing the
hydrophobicity of the residue-3 side chain, though this has not
been tested by experiment.16 Recently, Crane and Boger have
shown that small improvement in activity against a VanA strain
can be achieved by substitutions at residue 1 that allow additional
hydrogen bond formation with the ligand.17 Jia et al. have devel-
oped a series of active derivatives that feature a 16-membered
macrocyclic ring with 4 peptide units that reconstitutes the car-
boxylate binding region of vancomycin.18

Modification of residues 1 and 3 of the heptapeptide core have
also been explored for the closely related glycopeptide antibiotic,
teicoplanin (Fig. 1b). Excluding the crosslinked residues 1 and 3,
the rest of the heptapeptide core of teicoplanin aglycon is essen-
tially identical to the corresponding residues of vancomycin except
for residue 2, which lacks the b-hydroxyl group. Not unexpectedly,
removal of residue 1 or both residues 1 and 3 of the teicoplanin
core adversely affects antibacterial activity owing to modification
of the critical C-terminal binding motif.7a,13,19 On the other hand,
enhanced antibiotic activity can be achieved by some changes for
these residues, including substituting D-Lys at residue 1 and L-
Phe or L-Lys at residue 3 of the derivative with a C-terminal methyl
ester.20

Modifications at other residues of the heptapeptide scaffold
have also been investigated. For example, Boger and co-workers
have synthesized a derivative of the methyl ester of vancomycin
aglycon that is tetramethylated on the hydroxyl groups of residues
4, 6 and 7, and it shows improved activity against vancomycin-
resistant Enterococcus strains.15,21 Other vancomycin analogs with
methoxy groups on residue 7 may be prepared by mutasynthesis.22

Of particular note, Crowley and Boger synthesized the amine ana-
log (VAA, 5) with the peptide bond between residue 4 and 5 re-
placed by a secondary amine, removing the source of lone pair
repulsion with the lactate ester oxygen (Fig. 1).23 The binding affin-
ity of 5 to the Ac2-L-Lys-D-Ala-D-Lac cell-wall precursor mimic (4) is
improved and its antibiotic activity against a VanA bacteria strain
is enhanced significantly as well. However, its binding affinity for
Ac2-L-Lys-D-Ala-D-Ala (3) is lowered due to the removal of the
hydrogen-bond accepting carbonyl.

While total synthesis and semi-synthesis of vancomycin ana-
logs are now possible, extensive exploration of potential variations
remains challenging due to the structural complexity.24 Thus, we
have directed computational efforts to seek productive modifica-
tions that may help accelerate the development process. In design-
ing analogs to bind strongly to both D-Ala-D-Ala and D-Ala-D-Lac
sequences, the difference in hydrogen-bonding character between
D-Ala and D-Lac provides a fundamental obstacle since a hydrogen-
bond donating group is replaced by a weak hydrogen-bond accep-
tor. Consequently, electrostatic interactions that favor the binding
of one sequence are likely to be unfavorable for the other, as seen
in the case of 5. To identify promising backbone modifications for
the critical peptide linkage between residues 4 and 5, the effects of
backbone alternatives on the binding for the tripeptide cell-wall
precursor mimics were previously examined by Monte Carlo/free
energy perturbation (MC/FEP) calculations.25 However, the best
choices that merged for achieving acceptable binding affinities
for both D-Ala-D-Ala and D-Ala-D-Lac sequences remained to be
the original peptide (VA, 2) and the amine linkages (VAA, 5). Thus,
the present theoretical investigations were undertaken to extend
the exploration to side-chain modifications for VA and VAA. As in
the previous study, relative free energies of binding have been
computed for the tripeptide cell-wall precursor mimics 3 and 4
with the vancomycin derivatives using MC/FEP calculations. In



Figure 3. The MC/FEP schemes for examining vancomycin analogs. (a) The scheme
for the analog series of VA (2), (b) the scheme for the analog series of VAA (5).
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addition, motivated by the folded conformation of the acetylated
Lys side chain of the bis-acetylated tripeptides observed in the
prior simulations,25 binding of vancomycin analogs to mono-acet-
ylated tripeptide ligands were also assessed.

2. Computational methods

2.1. MC/FEP calculations

The desired quantity is the change in free energy of binding,
DDGb, for a given ligand X that arises from a change to the vanco-
mycin host, VAi?VAj.25 This is computed using the thermody-
namic cycle in Figure 2. Two FEP calculations are required: one
for VAi?VAj in water and one for the complexes X�VAi?X�VAj in
water. In order to compare the effects of the VAi?VAj change on
the D-Ala and D-Lac containing ligands, 3 and 4, only three FEP cal-
culations are needed since the VAi?VAj perturbation does not have
to be repeated. The DDGb values for the ligands are obtained using
Eqs. 1 and 2, for example, for 3, DDGb = DGb(j/Ala) � DGb(i/Ala) =
DGAla � DGApo.

The perturbations that were performed are summarized in Fig-
ure 3. Standard protocols, which previously yielded results in good
accord with observed difference in free energies of binding for 3
and 4 with VA and VAA, were followed.25 In general, no more than
one C, N, or O atom is added or deleted in one FEP calculation, and
for removal of hydroxyl groups, use of two perturbations,
OH?F?H, improves precision. The MC/FEP calculations were car-
ried out using MCPRO with the OPLS-AA force field.26,27 All calcula-
tions were carried out at 298 K in a 25-Å radius water cap
containing about 2000 TIP4P water molecules using 11 windows
of simple overlap sampling.28,29 Each window consisted of 20 mil-
lion MC configurations of solvent-only equilibration, 25–75 million
MC configurations of full equilibration, and 50 million MC configu-
rations of averaging. For the 11 windows, the total computation
time is 24 days on one 2.4 GHz Intel Xeon processor. All degrees
of freedom for the solutes were sampled, while the TIP4P water
molecules were kept internally rigid. The statistical uncertainties
(±1r) for the computed free energy changes were estimated by
the batch means method.30 The uncertainty for property h was ob-
tained by Eq. 3, where hh i is the overall average, and hi is the aver-
age for the ith batch. Typically there were 20 batches (m = 20), each
containing 2.5 million configurations.

r2 ¼
Xm

i

hi � hhið Þ2

m m� 1ð Þ ð3Þ

Initial coordinates for apo VA and the complexes were based on
apo (1AA5) and bound (1FVM) crystal structures of vancomy-
cin.31,32 A solvent-equilibrated VA structure was obtained from
an MC simulation that covered 1 billion configurations in a peri-
odic box of 1170 TIP4P water molecules. For apo 2, the solvent-
Figure 2. Thermodynamic cycle for MC/FEP calculations. VAi and VAj represent a
pair of VA or VAA analogs; D-Ala and D-Lac represent 3 and 4, respectively.
equilibrated structure provided the initial coordinates for the fol-
lowing MC/FEP calculations in the water caps. For the complexes,
initial coordinates were obtained from the last configurations of
the first (2/3) and the last (2/4) windows of the previous 2/3?
2/4 FEP calculation.25

For the series of VAA (5) analogs, the initial apo coordinates
were obtained from an analogously solvent-equilibrated structure.
Similarly, the D-Ala?D-Lac perturbation was performed with the
bound complex 5/3 to obtain starting structures for the complexes
5/3 and 5/4. For the calculations with monoacetylated ligands, the
terminal acetamide (NHCOCH3) of the Lys residue was replaced
with a protonated ammonium group, NH3

þ. As illustrated in Figure
1, all vancomycin derivatives were configured as zwitterions, so
their N-terminal amine was protonated and the C-terminal carbox-
ylate were deprotonated. Thus, the net charges for the VA and VAA
analogs were 0 and 1. All tripeptide ligands were configured to
have acetylated N-termini and deprotonated C-termini. Depending
on the Lys residue, the net charge of the ligand was either �1 (Ac2-
Lys) or 0 (Ac-Lys).

2.2. Multi-solute interactive copies (MUSIC) simulations

In order to identify regions of the bound complexes that favor
hydrophobic interactions, MUlti-Solute Interactive Copies (MUSIC)



Table 1
Calculated relative DGb values for vancomycin analogs with modifications at residues
2 and 6

DDGb (kcal/mol)

R2 R3 R4 3 (D-Ala-D-Ala) 4 (D-Ala-D-Lac)

2a H H Cl (0.0) (4.4)
9 CH3 H Cl 3.0 ± 0.1 6.9 ± 0.1
10 NH2 H Cl 1.8 ± 0.1 4.5 ± 0.2
11 H CH3 Cl 0.9 ± 0.2 7.5 ± 0.2
12 H NH2 Cl 1.0 ± 0.2 5.8 ± 0.2
13 H H CH3 0.2 ± 0.1 4.3 ± 0.1
14 H H NH2 2.8 ± 0.1 7.3 ± 0.1
15 H H H 1.8 ± 0.1 5.7 ± 0.1

a Ref. 33. Experimental data in parentheses.
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simulations were performed on the VA complexes with ligands 3
and 4 using BOSS.26 A MUSIC simulation is essentially a MC-simu-
lated annealing simulation that does not evaluate the solvent–sol-
vent interaction energy terms. As a result, the solvent molecules
(probes) in the simulation only interact with the solute, which is
the bound complex in this case, without interacting with other
probes. The initial solute coordinates were based on the starting
structures of complexes 2/3 and 2/4 from the MC/FEP calculations.
For the purpose of increasing the accessibility of the probe mole-
cules, Leu1 of VA was replaced with an ethyl group and the Cl of
residue 6 was replaced with H. The resulting derivative (16) is
shown in Figure 4. Each modified complex was first solvated in a
18-Å radius sphere of OPLS-AA methane molecules. Each simula-
tion was carried out using a sequence of three temperatures: 2 mil-
lion MC configurations at 100 �C, 2 million MC configurations at
0 �C, 1 million MC configurations at �100 �C. Only the probe mol-
ecules were sampled. While the complexes were kept rigid during
the simulations, the Lennard–Jones parameters, r and e, were
scaled by a factor of 0.85 at 100 �C and a factor of 0.92 at 0 �C to
allow more efficient sampling of the probes at the interaction
surface.

3. Results and discussion

3.1. Modifications at residues 2 and 6 of VA

The initial strategy was to improve interactions with the com-
mon structural features of both the D-Ala-D-Ala and D-Ala-D-Lac se-
quences. Methyl and amino group substitutions were attempted
on 2 at R2, R3, and R4 in residues 2 and 6 (Fig. 3), hoping to intro-
duce either hydrophobic contact with the methyl side chain of
the D-Ala residue or an additional hydrogen bond with the ligand’s
carboxylate group. The predicted DDGb values in Table 1 are an-
chored to the experimental data for 2/3 and 2/4.33 An improvement
in binding affinity is indicated by a more negative DGb value rela-
tive to that of 2/3 or 2/4, namely DDGb < 0 kcal/mol for the binding
of 3 and DDGb < 4.4 kcal/mol for the binding of 4.

In general, the methyl and amino substitutions for R2–R4 are
predicted to be unconstructive. At residue 2, the attempted substi-
tutions (9–12) yield at least 1 kcal/mol poorer binding of 3. Similar
results are obtained for 4 except the amino substitution at R2 (10),
which has the same binding affinity as that of 2.

Methyl substitution at R2 appears to yield a steric clash with the
D-Ala methyl side chain instead of forming a favorable contact. The
C� � �C distances found in the complexes of 9 are too short for opti-
mal hydrophobic contact (Fig. 5a and b). On the other hand, a
methyl group at R3 (11) is probably too close to the ligand’s C-ter-
minus, introducing unfavorable shielding of the carboxylate group
(Fig. 5c and d). Rotation of the phenyl ring is likely hindered by the
ortho Cl.

The amino substitutions at R2 and R3 both appear to fulfill their
intended role as a hydrogen-bond donor for the ligand’s carboxyl-
Figure 4. Vancomycin aglycon derivative 16 used in the MUSIC simulations.
ate group based on the short NH� � �O distances (<2.5 Å) observed
from the simulations (Fig. 6). The amino groups of analogs 10
and 12, as shown in Figure 6, are very well-hydrated in both apo
and bound states owing to the solvent-exposed binding site. For
R3 = NH2, there is also a hydrogen bond with the backbone NH of
residue 2. Therefore, the desolvation penalties associated with
the binding processes of these amine analogs are significant. The
negative results for the amino substitutions at residue 2 suggest
that the additional intermolecular hydrogen bonding in the com-
plexes does not offset the dehydration penalty. For binding of 4,
it may also enhance the repulsion between the D-Lac oxygen and
the C@O of residue 4. Compared to the O� � �O distance between
the ester and carbonyl oxygens in 2/4 (3.7 Å), the average O� � �O
distances for 10/4 (3.3 Å) and 12/4 (3.1 Å) are noted to be shorter.

At residue 6, the computed DDGb values for both ligands with
the methyl substituted analog 13 are essentially the same as those
for 2. However, replacing the chlorine atom with an NH2 (14) or
hydrogen (15) at R4 is predicted to adversely affect the binding
of both ligands by ca. 3 and 2 kcal/mol, respectively. Since the
methyl group and Cl atom are similar in size but have opposite
electrostatic properties, the similar results for analogs 2 and 13
suggest that the main role of the R4 substituent is to provide favor-
able van der Waals contact with the ligands. Thus, reducing the
size of the substituent, as in 15, is not helpful. This result agrees
with findings from a previous study of a series of vancomycin-
based derivatives, which demonstrated that the removal of the Cl
atom at residue 6 reduces the antibacterial activity.35 Introduction
of the extra hydrogen-bond donor in 14 also does not improve
binding of either ligand because the NH2 group does not form a
hydrogen bond with the ligands and the amino group is compara-
bly hydrated in both the apo and bound states.

3.2. Results from the MUSIC simulations

As ligand binding is often promoted by enhancing hydrophobic
interactions, such possibilities were sought. However, identifica-
tion of a suitable position for hydrophobic substitutions in the
shallow, polar, and solvent-exposed binding cleft of 2 is not obvi-
ous. Hence, MUSIC simulations were performed with methane as
a probe to search systematically for regions of the bound



Figure 5. Representative complex structures of VA analogs with methyl substitutions at residue 2 from MC/FEP calculations. The VA analogs are shaded in gray; the
tripeptide ligands are shown in ball and stick representations, 3 in purple and 4 in yellow; a few water molecules at the binding interface are included. Hydrogens on carbon
are mostly not shown for clarity. Key hydrogen bonds are marked by black dashed lines. C� � �O and C� � �C distances between the methyl substituent and ligand are highlighted
with cyan dashed lines. All distances are in Å. Structures were rendered using PyMOL.34 (a) Complex 9/3, (b) complex 9/4, (c) complex 11/3, (d) complex 11/4.
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complexes of VA that might benefit from increased hydrophobic
interactions.

The last configurations of the complexes at �100 �C from the
MUSIC simulations are shown in Figure 7. The probes’ interaction
energies with both complexes at �100 �C cover similar ranges,
�3.3 to 0.8 kcal/mol for 3 and �3.3 to 0.7 kcal/mol for 4. Since
the solvent–solvent interactions are excluded, clustering of meth-
ane probes indicates an area of the complex that favors non-polar
interactions. The ten methane probes that have the most negative
interaction energies with each complex are displayed in Figure 7c
and d.

In each case, the probe with the most favorable interaction en-
ergy (marked in orange) resides underneath the methyl side chain
of the D-Ala residue at the bottom of the complex. This is the region
of methyl clustering that involves the Leu1 side chain of 2 and the
ligand’s side chains of the D-Ala and Ac2-Lys. The MUSIC result is
consistent with the suggestion by Axelsen and Li that the binding
affinity of 2 with 4 may be increased by improving non-polar inter-
actions with the methyl side chain of the D-Ala.16 Based on the
strong preference of non-polar interaction in this region observed
for both ligands, the notion of enhancing the non-polar contact
with the common D-Ala residue was pursued. A caveat with this
MUSIC-based analysis is that the dehydration of the complex by
the probe has not been considered. For a rapid approach, this effect
could be estimated using the GB/SA method to compute the asso-
ciated change in free energy of hydration. Or, as done here, the ef-
fect is covered by the FEP calculations.

3.3. Modifications at residues 4, 5, and 7 of VA

For potential hydrophobic contact with the ligand’s D-Ala resi-
due, VA residues 1, 3, and 7 are particularly relevant. Considering
the unconstructive results for methyl substitutions at residue 2,
hydrophobic substitutions at residue 1 may result in similar unfa-
vorable screening of the ligands’ carboxylate groups. While the
previous study suggested that Asn3 may be a promising site for
hydrophobic modification,16 the side chain of Asn3 is often en-
gaged in a hydrogen bond with the C@O of residue 4 and forms
part of the shell of the binding site (Fig. 5). In view of these consid-
erations, the present analysis focused on modifications for residue
7. The computed relative binding affinities of the examined analogs
are listed in Table 2.

Initially, the examined modifications included methyl (17),
ethyl (18), methoxy (19), trifluoromethoxy (20), and ethoxy (21)
substitutions for R5. These substitutions yielded some improve-
ments, more so for 4 than 3. Methoxy substitution at R5 (19) is
the most promising with enhancements for the DGb of 3 by
0.9 kcal/mol and the DGb of 4 by 1.8 kcal/mol. According to snap-
shots from the simulations (Fig. 8a and b), the R5 methoxy group
participates in the clustering of the surrounding methyl groups,
which buries the target methyl side chain. The reasonable, com-
puted C� � �C distances support the nature of the favorable hydro-
phobic contact. Both the ethoxy (21) and trifluoromethoxy (20)
analogs have very similar computed binding affinities as the meth-
oxy analog 19.

However, the ethoxy group extends further into the solvent
regardless of the bound ligand (Fig. 8c and d). The resulting hydro-
phobic contact between the R5 ethoxy group and the ligand is ex-
pected to be less optimal than that of the methoxy analog 19.
However, the trifluoromethoxy alternative 20 emerges as equally
promising as its methoxy relative 19. Furthermore, the computed
binding affinities for the methyl (17) and ethyl (18) analogs are
very similar, and their enhancements are less than that of 19. These
modifications are estimated to improve the binding of 4 by about
1 kcal/mol, but to have no effect on the binding of 3. The hydroxyl
or alkoxy oxygen at R5 almost always participates in a water-
bridged hydrogen bond with the amido group in the side chain
of Asn3, while the purely hydrophobic methyl and ethyl analogs
lack this feature.

While the methoxy substitution at R5 was constructive in the
calculations, the tetramethoxy analog, 26, previously prepared by
Boger and co-workers has been experimentally determined to



Figure 6. Representative complex structures of VA analogs with NH2 substitutions at residue 2 from MC/FEP calculations. Some water molecules are included. Intermolecular
hydrogen bonds are marked with black dashed lines. The N� � �C and N� � �N distances (Å) are highlighted with cyan dashed lines. (a) Apo analog 10, (b) complex 10/3, (c)
complex 10/4, (d) Apo analog 12, (e) complex 12/3, (f) complex 12/4.
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yield no improvement in binding either tripeptide ligands, even
though it shows enhanced in vitro activity.15 Motivated by this
experimental finding, FEP calculations for methoxy substitutions
at residues 4, 5 and 7 were performed. Contrary to the significant
effect at R5, both methoxy substitutions at R6 in residue 7 (22)
and at R7 in residue 5 (23) had negligible computed effect on the
binding of either ligand. Methoxy substitution at R6 may promote
contact with the alkyl portion of the ligand’s Ac2-Lys side chain,
but this modification also disrupts the hydrogen bond with the
Ac2-Lys terminal carbonyl group. For R7, the substituent is fully sol-
vent-exposed and is not part of the binding interface, so methoxy
substitution there also has no effect.

Polymethoxy-substituted possibilities substitutions, 24–26,
were then considered. The results suggest that the maximal
enhancement can be achieved with the 3-methoxy (19) or 3,5-
dimethoxy (24) analogs for residue 7. Additional methoxy substi-
tutions at R1 and R7 are predicted to be unconstructive. The
3,5-dimethoxy analog 24, which is illustrated in Figure 8e and f,
is predicted to yield similar binding affinities for both ligands as
the 3-methoxy analog 19. The trimethoxy (25) and tetramethoxy
(26) substitutions are predicted to be unconstructive for the bind-
ing of 3, while having small but favorable effects on the binding of
4. The trimethoxy analog 25 does not show further enhancement
over analogs 19 or 24 because the methoxy substitution at R7 is
not involved in binding interactions as for 23. In agreement with
the experimental finding, the tetramethoxy substitution is com-
puted to be ineffective in enhancing the binding of either ligand.15

As shown in Figure 9, the R1 methoxy substitution at residue 4 of
analog 26 appears to be capable of forming favorable contact with
the methyl side chain of the terminal residue of the ligand based on
the reasonable C� � �C distance (4.2 Å). However, formation of this
contact may adversely affect the hydration of nearby polar func-
tionality in the complex. In any event, the only clear activity boost
comes from methylation of the R5 hydroxyl group in residue 7. Fur-
ther methylation at R6 is then benign and additional methylation of
the R1 or R7 hydroxyl groups is counter-productive.

In order to explore further the importance of the hydroxyl
groups at R5–R7, substitutions by fluorine and hydrogen were con-
sidered. Though hydrogen bonding with the ligands might be sac-
rificed, the increased hydrophobicity might be beneficial for
binding. As reported in Table 2, fluorine substitutions at these posi-
tions actually have little impact. The only destabilization arises
from substitution at R6 yielding 28, where the original OH group
sometimes forms a hydrogen bond with the side-chain carbonyl



Figure 7. Representative structures from MUSIC simulations at �100 �C. The bound complexes of 16 with 3 and 4 are shown in (a) and (b) with the methane probes located
within 4 Å of the complex. The analog 16 is shown in spheres with all atoms; the ligands (3 in purple and 4 in yellow) are shown in sticks with heavy atoms only; the methane
probes are represented in lines and are shaded in green. In (c) and (d), the same complexes of 16 are shown with the 10 probes that have the most favorable interaction
energies for each complex. The carbon atoms of the probes are shown as green spheres except the one with the most favorable (negative) interaction energy is orange.

Table 2
Calculated relative DGb values for vancomycin analogs with modifications at residues
4, 5 and 7

DDGb (kcal/mol)

R1 R5 R6 R7 3 (D-Ala-D-Ala) 4 (D-Ala-D-Lac)

2a OH OH OH OH (0.0) (4.4)
17 OH CH3 OH OH �0.3 ± 0.1 3.5 ± 0.2
18 OH CH2CH3 OH OH 0.1 ± 0.2 3.3 ± 0.2
19 OH OCH3 OH OH �0.9 ± 0.3 2.6 ± 0.3
20 OH OCF3 OH OH �0.7 ± 0.3 2.4 ± 0.3
21 OH OCH2CH3 OH OH �0.4 ± 0.3 2.1 ± 0.3
22 OH OH OCH3 OH �0.2 ± 0.3 4.3 ± 0.3
23 OH OH OH OCH3 �0.2 ± 0.3 5.1 ± 0.4
24 OH OCH3 OCH3 OH �1.2 ± 0.4 2.7 ± 0.4
25 OH OCH3 OCH3 OCH3 1.0 ± 0.6 3.6 ± 0.5
26b OCH3 OCH3 OCH3 OCH3 (0.9) 1.0 ± 0.7 (4.6) 3.9 ± 0.6
27 OH F OH OH �0.1 ± 0.1 4.1 ± 0.1
28 OH OH F OH 0.7 ± 0.1 5.2 ± 0.1
29 OH OH OH F 0.1 ± 0.1 4.1 ± 0.1
30 OH F F F 0.6 ± 0.2 4.5 ± 0.2
31 OH H OH OH 0.6 ± 0.2 4.5 ± 0.2
32 OH OH H OH 0.8 ± 0.2 5.6 ± 0.2
33 OH OH OH H 0.8 ± 0.2 4.8 ± 0.2
34 OH H H H 1.6 ± 0.2 5.5 ± 0.2

a Ref. 33. Experimental data in parentheses.
b Ref. 15.
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group of the ligand’s Ac2-Lys residue. Relative to 2, the DGb values
for 28 are predicted to increase by 0.7 and 0.8 kcal/mol for 3 and 4.
Fluorinations at R5 and R7, yielding 27 and 29, result in similar
binding affinities for both ligands as for VA 2. In addition, the tri-
fluoro analog 30 exhibits the same binding affinity for 4 as 2, and
its binding affinity for 3 shows minor degradation, 0.6 kcal/mol.
On the other hand, complete removal of the hydroxyl groups in
31–34 is consistently unfavorable, though most losses in binding
affinity are under 1 kcal/mol. With all three hydroxyl groups re-
moved, the biphenyl analog 34 shows significant increases in
DGb, 1.6 and 1.1 kcal/mol. As illustrated by the chain of water mol-
ecules in Figure 10, the removal of the three substituents increases
the solvent-accessibility of the binding cleft. Qualitatively, the
striking results here are that the hydroxyl groups can be replaced
by fluorines with little change in binding affinities, but possibly
yielding pharmacological benefits, for example, via reduced
metabolism.

Among the investigated modifications for 2, substitutions at R5

in residue 7 show the greatest effects on modulating the binding of
peptides 3 and 4. In summary, the order of computed DGb values
is:

3: OCH3 � OCF3 � OCH2CH3 � CH3 < OH � F � CH2CH3 < H
4: OCH2CH3 � OCF3 � OCH3 < CH2CH3 � CH3 < F < OH < H
The overall trends are similar with a preference for replacement

of the R5 hydroxyl group with a small alkoxy substituent. This im-
proves hydrophobic interactions with the ligand, while retaining
the role as a hydrogen-bond acceptor for a water molecule that
bridges to the side-chain amido group of Asn3.

3.4. Modifications at residues 5 and 7 of VAA

Motivated by the positive results for modifications of 2, similar
changes were considered in residues 5 and 7 for VAA, 5. The key
issue is whether the gains would also apply to 5, which shows



Figure 8. Representative structures of the bound methoxy (19), ethoxy (21), and dimethoxy (24) derivatives of VA. To highlight hydrophobic contacts, the C� � �C distances are
marked by cyan dashed lines. Hydrogen bonds are highlighted by black dashed lines. (a) Complex 19/3, (b) complex 19/4, (c) complex 21/3, (d) complex 21/4, (e) complex
24/3, (f) complex 24/4.

Figure 9. Representative structure of the bound complex of the tetramethoxy
analog 26 with the D-Ala-D-Ala ligand, 3. NH� � �O and C� � �C contacts (Å) are marked
by black and cyan dashed lines.

Figure 10. Representative structure of the bound complex of the biphenyl analog
34 with the D-Ala-D-Lac peptide 4. Removal of the hydroxyl groups from residues 5
and 7 of VA allows a water network to span the binding cleft. Hydrogen bonds are
highlighted with dashed lines.
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Table 3
Calculated relative DGb values for derivates of vancomycin amine aglycon (VAA)

DDGb (kcal/mol)

R5 R6 R7 3 (D-Ala-D-Ala) 4 (D-Ala-D-Lac)

2 OH OH OH (0.0)a (4.4)a

5 OH OH OH (2.1)b (2.0)b 2.3 ± 0.1c

35 CH3 OH OH 1.6 ± 0.2 1.7 ± 0.2
36 CH2CH3 OH OH 1.9 ± 0.2 1.5 ± 0.2
37 OCH3 OH OH 2.7 ± 0.3 1.1 ± 0.3
38 OCH2CH3 OH OH 3.5 ± 0.4 0.9 ± 0.3
39 CH3 OCH3 OH 0.4 ± 0.4 1.0 ± 0.3
40 CH2CH3 OCH3 OH 2.9 ± 0.4 1.8 ± 0.4
41 OCH3 OCH3 OH 2.7 ± 0.5 0.5 ± 0.4
42 OCH3 OCH3 OCH3 2.9 ± 0.6 0.9 ± 0.6

a Ref. 33. Experimental data in parentheses.
b Ref. 23.
c Ref. 25.
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improved affinity for the D-Ala-D-Lac peptide 4.23,25 The results are
summarized in Table 3. In this case, methoxy substitution at R5 in 5
yielding 37 is predicted to improve only the binding of peptide 4
but not of 3. However, methyl substitution (35) improves the bind-
ing for both ligands, though it is computed to be somewhat less
effective than methoxy substitution in enhancing the affinity for
4. The computed DDGb value for the ethyl analog, 36, is in between
the results for the methyl and methoxy analogs for both ligands,
while the ethoxy analog, 38, is predicted to bind 4 well, but it is
not favorable for 3. Overall, all four substitutions yield improve-
ments for 4, while only the methyl and ethyl analogs yield better
binding for 3. The differences with the results for VA 2 must reflect
changes in the binding site.

In order to illustrate the influence of the backbone variation on
the binding site, the bound ethoxy analogs with different backbone
linkages, 21 and 38, are compared as an example in Figures 8c, d
and 11. Due to the removal of the hydrogen-bond accepting car-
bonyl group between residues 4 and 5, the hydrogen bonding with
the side-chain amido group of Asn3 or the surrounding water mol-
ecules is disrupted. Therefore, the Asn3 side chain in either com-
plex with 38 is conformationally freer to rotate away from the
Figure 11. Representative structures of complexes of bound ethoxy derivatives (38) of V
C� � �C distances (Å). (a) Complex 38/3, (b) complex 38/4.
VAA backbone. Coupled with removal of the carbonyl group, the
resultant void ends up being filled, at least partially, by the termi-
nal methyl group of the ethoxy substituents, as illustrated in Figure
11. In contrast, the ethoxy group for 21 extends into the solvent
(Fig. 8). The C� � �C distances between the ethoxy terminal carbon
and the methylene carbon for 38 are ca. 5.7 Å, which is at least
1 Å shorter than the corresponding distances for 21. However,
the tighter packing may apply for both the bound and unbound
states, so the net effect on binding is unclear, though the hydro-
phobic contact between the ethoxy group and the terminal acetyl
methyl group of the Ac2Lys residue seems improved in Figure 11.

Another aspect of the ligand binding process that needs to be
considered is the conformation of the ligands’ C-termini. In Figure
11, strong hydrogen bonding between the ligands’ carboxylate
groups and three backbone NH groups is apparent. Nevertheless,
there are differences at the C-termini of 3 and 4 owing to the
change in the preceding linkage from amide to ester. As illustrated
in many complexes with 3, the carboxylate group mostly stays in
the same plane as the peptide bond, which reflects a favorable
interaction with the peptide NH. Lacking this electrostatic attrac-
tion, the carboxylate group of 4 is freer to rotate. Thus, it is almost
perpendicular to the plane of the ester linkage, when bound to 38
in Figure 11. On this basis, 4 can be expected to be adapt better
conformationally than 3 to optimize interactions in the binding
site, which may help account for the uniform improvements for
4 in Table 3.

Some disubstituted VAA analogs were also modeled, as summa-
rized in Table 3. The 5-methoxy,3-methyl analog 39 appears to be
the most promising with improved affinities for both ligands by at
least 1 kcal/mol. The 3,5-dimethoxy case (41), which is predicted
to be constructive for both ligands with VA, shows substantial
improvement, 1.5 kcal/mol, for the binding of 4, but its affinity
for 3 is somewhat weakened relative to 5. The 3-ethyl,5-methoxy
derivative 40 is found to be ineffective at enhancing the binding
for either ligand. Similar to the results for VA, the additional meth-
oxy group at residue 5 in the trimethoxy analog 42 does not yield
improvement over the dimethoxy analog 41.

Both analogs 39 and 41 can make favorable hydrophobic con-
tacts with the D-Ala side chain of the ligands, as shown in Figure
12. The methyl substituent of analog 39 makes contact primarily
with the D-Ala side chain, whereas the corresponding methoxy
substituent of 41 appears to make favorable contact with both
the D-Ala side chain and the terminal Ac2-Lys methyl group. An-
other observation is that the bound ligands with 39 and 41 have
a different hydrogen-bond pattern for the carboxylate-binding mo-
tif (Fig. 12e). In the absence of the carbonyl group in residue 4, both
ligands shift towards the C-terminus of the VA analog, which
shortens the distance between the carboxylate group and the pro-
tonated backbone amine.
AA. The intermolecular hydrophobic contacts are highlighted by the corresponding



Figure 12. Representative structures of complexes with the 5-methoxy,3-methyl (39) and 3,5-dimethoxy (41) derivatives of vancomycin amine. Intermolecular contacts are
marked by cyan dashed lines with C� � �C distances in Å. (a) Complex 39/3, (b) complex 39/4, (c) complex 41/3, (d) complex 41/4, (e) the change of hydrogen-bond pattern
between the ligand’s C-terminus and the amide NH groups of the carboxylate-binding motif.
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3.5. Comparison of monoacetylated and diacetylated ligands

The proposed binding enhancements for modifications in resi-
due 7 rely on favorable interactions with the nearby methyl
groups, including those in the Leu1 side chain, the methyl side
chain of the ligand’s D-Ala residue, and the methyl terminus of
the ligand’s Ac2-Lys side chain. While the diacetylated tripeptide
Figure 13. Crosslinking of peptide termini of peptidogly
mimics have been used in previous experimental studies and in
the present calculations, these ligands with Ac2-Lys should be con-
sidered as mimics of crosslinked peptidoglycans after transpepti-
dation, which involves connecting two separate peptide termini
by forming an isopeptide bond between the Lys side chain of one
and the terminal D-Ala of the other (Fig. 13).5d A non-crosslinked
peptidoglycan is expected to have an unacetylated, protonated
can cell wall precursors through transpeptidation.
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Lys residue. Although monoacetylated and diacetylated ligands are
reasonable, alternative models, their binding interactions with
vancomycin and its analogs are expected to be different.

In an early study, Nieto and Perkins showed that the binding
affinity of diacetylated 3 to 1 is indeed 0.7 kcal/mol more favorable
than that of the monoacetylated ligand, Ac-L-Lys-D-Ala-D-Ala
(43).36 The enhancement is assumed to be the result of the favor-
able methyl clustering that involves the Ac2-Lys.25 The protonated
Lys side chain can be expected to adopt a conformation that ex-
tends into the solvent without interacting with Leu1.

In order to evaluate the proposed vancomycin analogs more
comprehensively, monoacetylated ligands were examined as an
alternative target, specifically, Ac-L-Lys-D-Ala-D-Ala (43) and Ac-L-
Lys-D-Ala-D-Lac (44), where the Lys side-chain amine is now pro-
tonated. Analogs with three of the most promising modifications
were studied, including methoxy, ethoxy, and dimethoxy substitu-
tions at R5 and R6 in residue 7. In Table 4, the computed binding
affinities are reported as DDGb relative to the original dihydroxy
analogs, 2 or 5. A negative DDGb value indicates an improvement
in binding over 2 or 5.

The favorable modifications on the original VA scaffold are
found to be less effective for the monoacetylated ligands, 43 and
44. Methoxy substitution at R5 (19) is the only modification that
improves the binding affinity for the D-Ala-D-Lac sequence regard-
less of the nature of the Lys residue in the ligand. However, the
enhancement with 44 is 1 kcal/mol less than the improvement
for 4. As shown in Figure 14, the protonated Lys side chain of either
monoacetylated ligand adopts an extended conformation, when
bound to 19, and is devoid of the favorable hydrophobic interaction
with Leu1. The extended conformation also permits higher solvent
accessibility to the binding interface, which can destabilize the
binding interactions. Although all the modifications of 2 in Table
4 are predicted to improve the binding of 3, only ethoxy substitu-
Table 4
Calculated DDGb values for diacetylated (3, 4) and monoacetylated ligands (43, 44) with

Y R5 R6 3 (

2 CONH OH OH 0
19 CONH OCH3 OH �0
21 CONH OCH2CH3 OH �0
24 CONH OCH3 OCH3 �1

5 CH2NH2
þ OH OH 0

37 CH2NH2
þ OCH3 OH 0

38 CH2NH2
þ OCH2CH3 OH 1

41 CH2NH2
þ OCH3 OCH3 0

a Relative to 2 or 5.
tion (21) is predicted to be beneficial for the binding of 43. Notably,
the dimethoxy substitution (24) is predicted to be unconstructive
for both 43 and 44.

In comparison, the results for the derivatives of VAA are more
encouraging. All three of the attempted modifications are pre-
dicted to be constructive for the binding of both 43 and 44, even
though these modifications were originally predicted to be favor-
able only for the D-Ala-D-Lac sequence. The dimethoxy analog 41,
which emerges as the most promising in this series, is predicted
to enhance the binding of 43 and 44 by 0.9 kcal/mol and 0.8 kcal/
mol, respectively. Interestingly, 3-methoxy substitution (37) is
computed to be more effective in improving the binding of 44 than
of 43, while ethoxy substitution (38) has the opposite effect. The
improvements predicted for these analogs may be explained by
the ligand readjustment, which is made in response to the back-
bone modification. The protonated Lys side chain of each mono-
acetylated ligand has an extended conformation that points into
the solvent. Coupled with the reduction of the residue 4 carbonyl
group, constraints on the ligand’s binding orientation are dimin-
ished. The hydrophobic interaction between the Ac2-Lys and
Leu1 is also lost. In the case of 41, ligand 43 (Ac-L-Lys-D-Ala-D-
Ala) is shifted in the binding cleft in the absence of the hydrogen
bond between Ac2-Lys and residue 7 of the VA analog. Conse-
quently, the methyl group of the first D-Ala residue may form
hydrophobic contacts with Leu1, the R5 methoxy group, and the
methylene group of the modified linkage (Fig. 15a). This binding
orientation would be impossible in the presence of the peptide
linkage due to the hydrogen bond with the carbonyl group of res-
idue 4. Furthermore, ligand 44 displays a radical change in position
that alters the hydrogen-bonding pattern for its C-terminus. With-
out the hydrophobic attraction between the side chains, ligand 44
moves towards the center of the binding cleft (Fig. 15b) as com-
pared to the bound ligand 4 with the same analog (Fig. 12d). The
vancomycin aglycon (2), vancomycin amine aglycon (5), and their analogs

DDGb (kcal/mol)a

R8 = NHCOCH3 R8 = NH3
þ

X = NH) 4 (X = O) 43 (X = NH) 44 (X = O)

.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0

.9 ± 0.3 �1.8 ± 0.3 0.1 ± 0.3 �0.8 ± 0.3

.4 ± 0.3 �2.3 ± 0.3 �0.6 ± 0.3 0.0 ± 0.3

.2 ± 0.4 �1.7 ± 0.4 1.4 ± 0.4 0.4 ± 0.4

.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0

.6 ± 0.3 �0.9 ± 0.3 �0.2 ± 0.3 �0.7 ± 0.3

.4 ± 0.4 �1.0 ± 0.3 �1.3 ± 0.3 �0.2 ± 0.3

.6 ± 0.5 �1.5 ± 0.4 �0.9 ± 0.4 �0.8 ± 0.4



Figure 14. Representative structures of complexes of 3-methoxy analogs of vancomycin aglycon (19) with monoacetylated ligands containing protonated Lys residues, 43
and 44. Intermolecular hydrophobic contacts are marked by cyan dashed lines and the corresponding C� � �C distances are reported in Å. (a) Complex 19/43, (b) complex 19/44.

Figure 15. Representative structures of complexes of the 3,5-dimethoxy analog of VAA 41, with monoacetylated ligands, 43 and 44. The intermolecular hydrophobic contacts
in the binding interface (C� � �C distances) are highlighted by cyan dashed lines and the hydrogen bonds (NH� � �O) are marked by black dashed lines. All distances are reported
in Å. (a) Complex 41/43, (b) complex 41/44.
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shift of the ligand and the rotation of the ligand’s C-terminus free
up enough room near the carboxylate group, so one water mole-
cule can enter the binding interface to bridge between the back-
bone NH group of residue 2 and a carboxylate oxygen. A
favorable contact between the methyl group of the D-Ala and the
R5 methoxy substituent is also noted (C� � �C distance = 3.7 Å). Thus,
it seems reasonable that ligand 44 may achieve improved interac-
tions with analog 41 due to the absence of the central carbonyl that
repels the D-Ala-D-Lac sequence.

Based on the results for both sets of ligands, analog 41, which
has the amine linkage and 3,5-dimethoxy substitution at residue
7, emerges as the most promising vancomycin analog. Regardless
of the form of the Lys residue, analog 41 exhibits enhancement
for the binding of the D-Ala-D-Lac sequence and reasonable, if not
improved, binding of the D-Ala-D-Ala sequence. The results also
indicate that analogs with both backbone and side-chain modifica-
tions are more versatile than those with only backbone or side-
chain modifications. A possible reason for this is that the beneficial
effects of the side-chain substitutions are not strong enough to
overcome the interactions between the ligand and the carbonyl
group of residue 4, especially in the absence of the hydrophobic
contacts between side chains of Ac2-Lys and Leu1. As a result,
the modification of the backbone carbonyl is required to enable
greater effects for side-chain substitutions on the binding process.
4. Conclusions

The present investigation of vancomycin analogs with both
side-chain and backbone modifications has provided a detailed
structure–activity analysis. Modifications at residues 2 and 6 in-
tended to improve intermolecular contact or to introduce an addi-
tional hydrogen bond were not found to be constructive. Guided by
MUSIC simulations, subsequent results indicated that, depending
on the backbone of the vancomycin analog, enhancement may be
achieved by methoxy or methyl substitutions at residue 7 that im-
prove hydrophobic interactions with the D-Ala residue of both
ligands. The binding of monoacetylated ligands was examined as
well; dimethoxy substitution with the amine backbone modifica-
tion (41) emerged as the most promising modification to improve
binding of both monoacetylated and diacetylated ligands. The pre-
dicted binding enhancements are not large, which attests to the
evolutionary optimization of vancomycin; however, the results
indicate that experimental investigation of replacements of the
hydroxyl groups of residue 7 by small alkyl and alkoxy groups is
warranted. Replacement of the hydroxyl groups of residues 5 and
7 by fluorine may also be interesting from a pharmacological
perspective.

The observed dependency of ligand binding on the acetylation
and the conformation of the ligand’s Lys residue reflects the limita-
tion of the common model in which tripeptide ligands are used as
the cell-wall precursor mimics. Although important insights on
fundamental interactions can be obtained using models with only
the essential dipeptide sequence, this simplification does not pro-
vide a complete picture of the binding interactions between the
potential antibiotics and the cell-wall precursor termini.37 Conse-
quently, studies of these simplified systems may not be mirrored
in experimental observations for corresponding bacteria.10,15,17

Overall, the present computational modeling has provided specific
suggestions for new vancomycin analogs as well as insights into
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the complexity of the binding interactions with vancomycin-type
antibiotics and the challenges in discovery of improved antibacte-
rial agents.
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