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ABSTRACT: Vancomycin is a glycopeptide antibiotic produced by
Amycolaptopsis orientalis used to treat serious infections by Gram-
positive pathogens including methicillin-resistant Staphylococcus aureus.
Vancomycin inhibits cell wall biosynthesis by targeting lipid II, which is
the membrane-bound peptidoglycan precursor. The heptapeptide
aglycon structure of vancomycin binds to the D-Ala-D-Ala of the
pentapeptide stem structure in lipid II. The third residue of vancomycin
aglycon is asparagine, which is not directly involved in the dipeptide
binding. Nonetheless, asparagine plays a crucial role in substrate
recognition, as the vancomycin analogue with asparagine substituted by
aspartic acid (VD) shows a reduction in antibacterial activities. To characterize the function of asparagine, binding of vancomycin
and its aspartic-acid-substituted analogue VD to L-Lys-D-Ala-D-Ala and L-Lys-D-Ala-D-Lac was investigated using molecular dynamic
simulations. Binding interactions were analyzed using root-mean-square deviation (RMSD), two-dimensional (2D) contour plots,
hydrogen bond analysis, and free energy calculations of the complexes. The analysis shows that the aspartate substitution introduced
a negative charge to the binding cleft of VD, which altered the aglycon conformation that minimized the repulsive lone pair
interaction in the binding of a depsipeptide. Our findings provide new insight for the development of novel glycopeptide antibiotics
against the emerging vancomycin-resistant pathogens by chemical modification at the third residue in vancomycin to improve its
binding affinity to the D-Ala-D-Lac-terminated peptidoglycan in lipid II found in vancomycin-resistant enterococci and vancomycin-
resistant S. aureus.

1. INTRODUCTION
Vancomycin is a glycopeptide antibiotic discovered in the
1950s1 by Eli Lilly from the fermentation broth of a soil
microbe Amycolaptopsis orientalis. The newly discovered
antibiotic was named vancomycin, derived from the word
“vanquish,” because of its potent antibacterial activities.
Vancomycin is highly active against a broad spectrum of
Gram-positive pathogens including bacilli and all aerobic cocci
including staphylococci, streptococci, and enterococci. Despite
its early Food and Drug Administration (FDA) approval in
1958, vancomycin was not widely used due to the high cost
and adverse side effects associated with purification. Instead,
methicillin, a powerful semisynthetic β-lactam antibiotic that
was developed in the 1950s became the antibiotic of choice
against penicillin-resistant pathogens. Then in the 1980s,
vancomycin became one of the most important antibiotics due
to the emergence of methicillin-resistant Staphylococcus aureus
(MRSA) responsible for an alarming increase in mortality
associated with serious nosocomial infections. MRSA is highly
virulent, easily transmittable through contact, and it is typically
resistant to multiple classes of antibiotics. Against MRSA,
vancomycin was one of few remaining antibiotics that were
highly effective, and thus, for a period vancomycin was
considered as “the drug of last resort.” Currently, there are
more than a hundred different types of glycopeptide antibiotics

produced by different organisms,2 and even a greater number
of chemically modified semisynthetic glycopeptides have been
synthesized.3

The mode of action of vancomycin and related glycopeptide
antibiotics is that it inhibits peptidoglycan (PG) biosynthesis
by binding to the membrane-bound PG precursor, lipid II. PG
is the primary component of the cell wall in Gram-positive
bacteria with a repeat unit consisting of a disaccharide
(GlcNAc-MurNAc), a pentapeptide-stem structure consisting
of L-Ala-D-iso-Glu-L-Lys-D-Ala-D-Ala, and a pentaglycine.
Pentapeptide-stem is attached to MurNAc, and the pentagly-
cine to the ε-nitrogen side of the Lys (Figure 1a). PG
biosynthesis is catalyzed by two important enzymatic steps,
transglycosylation and transpeptidation, which occur outside of
the bacterial membrane.4 Transglycosylation is the polymer-
ization of the PG-repeat unit by forming a long glycan chain of
repeating GlcNAc-MurNAc. Transpeptidation is a cross-
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linking between the two adjacent neighboring glycan chains.
Unlike β-lactam antibiotics, which also target the cell wall by
inhibiting the transpeptidation step of PG biosynthesis through
binding to the penicillin-binding proteins, vancomycin binds to
lipid II and thereby inhibits the transglycosylation step of PG
biosynthesis.5 The lipid II sequestration prevents the
regeneration of the lipid transporter (C55) from lipid II,
which requires transglycosylase activity. Since the number of
C55 copies in the bacterium is found in small numbers,
vancomycin sequestration of lipid II is a potent means of
inhibiting bacterial cell wall biosynthesis.6

The structures of vancomycin bound to a tripeptide PG
analogue, Acyl-L-Lys-D-Ala-D-Ala, have been well characterized
since the early 1980s by the solution-state nuclear magnetic
resonance (NMR)7 spectroscopy and X-ray crystallography.8

The tripeptide-bound structures show that the D-Ala-D-Ala of
PG stem is bound to a cleft formed by the vancomycin aglycon
and it is stabilized by five hydrogen bonds: three hydrogen
bonds between the amide protons of residues 1, 2, and 3 of
vancomycin and the C-terminus of the dipeptide D-Ala-D-Ala, a
fourth bond between the carbonyl of the 4th residue and an
amide proton of the terminal D-Ala, and a fifth hydrogen bond
between the amide proton of the 7th residue of the aglycon
and the carbonyl of the penultimate D-Ala from the C-terminal
end (Figure 1b). The drug sugars, D-glucose and L-vancos-
amine, are attached to the phenolic moiety on the 4-
hydroxyphenylglycine side chain of the fourth amino acid
and they are known to increase the vancomycin activity even
though they do not participate in the dipeptide binding (Figure
1c).
Initially, the emergence of vancomycin resistance was

thought to be highly unlikely. Then, in 1986, the first clinical
case of infection by high-level vancomycin-resistant enter-
ococci (VRE) was reported.9 Since then, there has been a rapid
increase in VRE-associated nosocomial infections worldwide.
The mechanism of high-level vancomycin resistance in VRE
involves the modification of the D-Ala-D-Ala terminus of PG
stems from a dipeptide D-Ala-D-Ala to a depsipeptide D-Ala-D-

Lac.10−13 The depsipeptide-terminated lipid II in VRE replaces
an amide group of the terminal alanine with the oxygen of an
ester bond. This modification replaces one of the hydrogen
bonds by electrostatic repulsion (Figure 1b, red line) and
reduces vancomycin binding affinity by a 1000-fold with KD
from 1 μM to 1 mM. The minimal inhibition concentration
(MIC) of vancomycin increases from 1 μg/mL against
vancomycin-susceptible enterococci to approximately 1000
μg/mL for the VRE. Subsequently, in 2002, the first case of
infection by vancomycin-resistant S. aureus (VRSA) with a
MIC greater than 256 μg/mL was reported.14 The genetic
analysis confirmed that the mechanism of vancomycin
resistance in VRSA was identical to that of VRE, possessing
a transposal plasmid in VRSA containing the genetic
determinants for vancomycin resistance in VRE.15

There have been several important developments in
glycopeptide antibiotics to overcome resistance through
chemical modifications. Some of the developments include
(1) C-terminus modifications,16 (2) homo- and heterodime-
rization of glycopeptides,3 (3) drug sugar modifications,17 and
(4) aglycon modifications.18,19 So far, the alkylation of
hydrophobic adducts to the drug sugar has been the most
effective, leading to the development of oritavancin
(LY333328) by Eli Lilly,20,21 which was FDA approved in
2014. Oritavancin is a lipoglycopeptide antibiotic that has
potent bactericidal activities against a broad spectrum of
multidrug-resistant pathogens including MRSA,22 and it is
effective against vancomycin-resistant pathogens including
VRE23 and VRSA.24 The mode of action of oritavancin differs
from vancomycin by exhibiting dual inhibition of trans-
glycosylase and transpeptidase activities.25−29

Another exciting recent development is the chemical
modification of the vancomycin aglycon structure to overcome
the vancomycin resistance. Boger et al. determined that the
reduced vancomycin binding affinity to the depsipeptide-
terminated PG-stem is less affected by the loss of a hydrogen
bond (Figure 1b) but more due to the electrostatic repulsion
between the lone pair of a carbonyl oxygen atom at the 4th

Figure 1. Chemical structures of S. aureus peptidoglycan (PG) and vancomycin. (a) The PG-repeat unit in S. aureus consists of a GlcNAc-MurNAc
disaccharide, a pentapeptide stem with a sequence L-Ala-D-iso-Glu-L-Lys-D-Ala-D-Ala, and a pentaglycine bridge structure that is attached to the ε-
nitrogen of the side chain L-Lys. Vancomycin binds to the D-Ala-D-Ala dipeptide of the PG-stem structure (green circle). In vancomycin-resistant
pathogens, including vancomycin-resistant enterococci (VRE) and vancomycin-resistant S. aureus (VRSA), the dipeptide is replaced by a
depsipeptide D-Ala-D-Lac. (b) Chemical structure of vancomycin and its interactions with the bound PG-stem structure. The vancomycin binding
affinity to depsipeptide (X = O) is 1000-fold less than that to dipeptide (X = NH). The minimal inhibitory concentration of vancomycin against
VRE and VRSA increases by 1000-fold. The lost efficacy is attributed to the depsipeptide substitution, which replaces a hydrogen bond with an
electrostatic repulsion (red dotted line). (c) A model structure of vancomycin bound to an acyl-D-Ala-D-Ala. Vancomycin is shown as a space-filling
model with an electrostatic surface and the dipeptide as a stick-and-ball model.
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residue of vancomycin and the ester oxygen atom on the D-Ala-
D-Lac.18 A rational approach was taken to re-design the
aglycon structure of vancomycin through total synthesis by
replacing the carbonyl oxygen atom at the 4th residue of
vancomycin with a protonated amidine nitrogen.30 The
incorporation of amidine nitrogen in the aglycon removes
the destabilizing electron lone pair interactions and replaces it
with the stabilizing interactions between the proton of the
amidine nitrogen and the oxygen on the ester of D-Lac when
bound to D-Ala-D-Lac.31 The modification on the glycopeptide
resulted in a 600-fold increase in the binding affinity to the
depsipeptide ligand and restored the activity against the VRE
of VanA type with a MIC below 1 μg/mL.32 This
demonstrated a proof of principle that the rational approach
to design glycopeptide aglycon will play an important role in
the future development of novel antibiotics.
To facilitate the development through rational drug design,

the function of each amino acid in the aglycon structure needs
to be investigated. All amino acids in the vancomycin core are
involved in the formation of a highly crosslinked core structure,
except for the amino acids at positions 1 and 3, which are N-
methylleucine and asparagine, respectively. These amino acids
are not involved in the ridged cleft formation and do not
participate in the dipeptide binding; nonetheless, they are
essential for the activity of vancomycin. In the case of N-
methylleucine, the removal by Edman degradation results in
desleucyl-vancomycin, which is devoid of any antimicrobial
activity.33 For the asparagine, the third amino acid of
vancomycin substitution by aspartic acid or glutamine has
been shown to reduce the antimicrobial activity against S.
aureus by approximately 8- and 4-fold, respectively.34 The
introduction of the negative charge in the binding cleft by
aspartic acid substitution or the lengthening of the side chain
by glutamine substitution is presumed to interfere with the
dipeptide binding by electrostatic or steric interactions;
however, the exact role of these core amino acids is not well
understood.
In this study, we investigate the role and function of

asparagine at the 3rd position of vancomycin using classical
molecular dynamics (MD) simulations. MD simulations were
carried out for vancomycin (VN), and its aspartate-substituted
analogue (VD) bound to the PG tripeptide mimics
representing vancomycin-susceptible and vancomycin-resistant
bacteria. The four glycopeptide−PG complexes analyzed are as
follows: (1) vancomycin bound to the acyl-D-Ala-D-Ala (VN-
Ala), (2) vancomycin bound to the acyl-D-Ala-D-Lac (VN-Lac),
(3) aspartate-substituted vancomycin bound to the acyl-D-Ala-
D-Ala (VD-Ala), and (4) aspartate-substituted vancomycin
bound to the acyl-D-Ala-D-Lac (VD-Lac). From these
simulations, we find that the aspartate-substituted analogue
of vancomycin (VD) shows improved binding to the acyl-D-
Ala-D-Lac, the PG-stem structure found in VRE and VRSA.
This indicates that the amino acids in the aglycon structure
that do not directly participate in the PG-stem binding play a
crucial role in stabilizing the glycopeptide−PG complex.

Furthermore, the study provides a new insight for the chemical
modifications of the aglycon structure for the development of
new glycopeptide antibiotics to mediate the improvement in
the binding to the D-Ala-D-Lac-terminated PG precursors
found in vancomycin-resistant pathogens.

2. RESULTS AND DISCUSSION

2.1. Total Hydrogen Bonds and Binding Free
Energies. The total number of hydrogen bonds formed
between the glycopeptide and ligand as well as the total free
energy of binding (ΔGbind) during MD simulations are shown
in Table 1. The contributions from van der Waals (ΔEvdw) and
electrostatic energy (ΔEele) to the ΔGbind are also shown in the
table. The average number of hydrogen bonds formed during
MD simulations ranged from 2 to 5. The most stable complex
was VN-Ala, which has the maximum number of 5 stable
hydrogen bonds,35 and the least stable complex was VD-Ala
with only 2 hydrogen bonds. The order of stability, ranked
based on the overall free energy of binding from the most to
least stable is as follows: VN-Ala > VD-Lac > VN-Lac > VD-Ala.
The strongest electrostatic attraction between the glycopep-

tide and its ligand was observed in the VN-Ala complex with a
ΔEele value of −80.53 kJ/mol (Table 1). This strong
electrostatic attraction is attributed to the interactions between
the C-terminus of the acyl-D-Ala-D-Ala and the aglycon
structure.35 In contrast, the weakest attraction was observed
in the VD-Ala complex with a ΔEele value of 31.55 kJ/mol, due
to the loss of interaction by the displacement of the C-
terminus of acyl-D-Ala-D-Ala out of the binding pocket (Figure
3b). It is interesting to note that the VD-Lac complex is more
stable (ΔGbind of 9.60 kJ/mol) than the VN-Lac complex
(ΔGbind of 14.31 kJ/mol) by −4.71 kJ/mol. This was surprising
since the ΔEele of the VN-Lac complex (−65.45 kJ/mol) is
much stronger than the VD-Lac (23.27 kJ/mol) complex with a
difference ΔΔEele value of 88.42 kJ/mol. The van der Waals’s
contribution to the ΔGbind, though some variations are
observed between the complexes, nonetheless, all ranged
between −32 and −45 kJ/mol. Thus, the difference in the van
der Waals contributions between these two complexes
(ΔΔEvdw) is only −13.02 kJ/mol, which is not enough to
offset a large ΔΔEele value of 88.42 kJ/mol to attain a ΔΔGbind
of −4.71 kJ/mol. This led to the possibility that the increased
binding stability of the VD-Lac complex, compared to that of
VN-Lac, is not significantly dependent on the number of H-
bonds formed or the interactions between the C-terminus of
ligand and the aglycon of glycopeptide. Instead, VD-Lac is
more stable than VN-Lac because of the conformation change
associated with the aspartate substitution, which led to the
minimization of the electrostatic repulsion between the
electron lone pair on the carbonyl oxygen at the 4th position
of glycopeptide and the ester oxygen atom of the D-Ala-D-
Lac.18 It is worth noting that the molecular mechanics
Poisson−Boltzmann surface area (MM/PBSA) binding energy
method is not a reliable technique for calculating the absolute
binding free energies.36 However, the approach has been

Table 1. Number of Hydrogen Bonds and Binding Energies of VN-Ala, VN-Lac, VD-Lac, and VD-Ala

glycopeptide−PG complex average number of H-bonds ΔEvdw (kJ/mol) ΔEele (kJ/mol) ΔGbind (kJ/mol)

VN-Ala (R = NH2, X = NH) 5.08 ± 0.19 −41.48 ± 1.36 −80.53 ± 5.33 −3.81 ± 0.33
VN-Lac (R = NH2, X = O) 4.33 ± 0.24 −32.32 ± 1.82 −65.45 ± 1.26 14.31 ± 0.68
VD-Ala (R = O−, X = NH) 2.10 ± 0.04 −35.38 ± 1.22 31.55 ± 0.59 15.82 ± 0.61
VD-Lac (R = O−, X = O) 3.39 ± 0.12 −45.34 ± 1.02 23.27 ± 2.11 9.60 ± 0.02
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shown to be good for ranking the binding energies of similar
ligands.37

2.2. Root-Mean-Square Deviation. The time evolution
of RMSD values for the four glycopeptide−PG complexes are
shown in Figure 2. The RMSD for each glycopeptide−PG
complex was calculated during MD simulations by comparing
the structures along the trajectories to the reference structure.
The low fluctuation pattern in the RMSD plot of a complex
indicates minimal changes in conformation, which is indicative
of a stable complex. In contrast, high fluctuation indicates the
low stability of a complex during MD simulation. As expected,
the unmodified vancomycin bound to acyl-D-Ala-D-Ala (VN-
Ala), which is the most stable complex of the four systems, had
the lowest average RMSD value of 1.70 Å, followed by the VD-
Lac with 2.07 Å, VN-Lac with 2.24 Å, and VD-Ala with 2.90 Å.

The stability of the complex, inferred from the RMSD plots,
when ordered from the most to the least stable is VN-Ala > VD-
Lac > VN-Lac > VD-Ala. An identical order was also observed
when the overall binding energy (ΔGbind) was calculated for
the four complexes (Table 1). This indicated a direct
correlation between the stability and binding energy of the
complex. Unexpectedly, the VD-Lac complex shows increased
stability (Figure 2c) compared to the VN-Lac complex (Figure
2b), based on the smaller average RMSD value and the
reduced fluctuating amplitudes of the RMSD plot. As stated
previously, VD-Lac had more stable binding energy than the
VN-Lac (Table 1). This suggests that the aspartate substitution,
which introduces a negative change in the aglycon structure of
VD, diminished the effects of the electrostatic repulsion
between the oxygen atom in the ester bond of the ligand D-

Figure 2. RMSD plots of three independent 30 ns MD simulations for the complexes (a) VN-Ala, (b) VN-Lac, (c) VD-Lac, and (d) VD-Ala. The
RMSD values of three independent simulations are plotted using red, blue, and black colors. The average RMSD values for each complex is shown
as a figure inset.

Figure 3. Initial structure of the VD-Ala complex at t = 0 ns and the final structure at 30 ns MD simulation. (a) The initial structure of the VD-Ala
complex showing the acyl-D-Ala-D-Ala bound to the aglycon structure of the glycopeptide. (b) The final structure of the VD-Ala complex after 30 ns
of MD simulation. The C-terminus of the D-Ala is displaced from the binding cleft, resulting in the loss of three hydrogen bonds between the C-
terminus of D-Ala and the amide protons of residues 1, 2, and 3 of the aglycon.
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Ala-D-Lac and the oxygen carbonyl carbon at the 4th residue of
the glycopeptide that has been attributed as the primary cause
of the loss in binding affinity to the depsipeptide.18

The least-stable complex was VD-Ala, which shows an
unusual RMSD fluctuating pattern (Figure 2d) that is not
observed in other complexes. The initial structure of the VD-
Ala complex (Figure 3a) undergoes a large RMSD fluctuation
during the first 3 ns of the MD simulation. Then, the RMSD

amplitude rapidly stabilizes as the structure reaches the final
conformation (Figure 3b) with an average RMSD value of 2.90
Å. Figure 3 shows the initial and final structures of the VD-Ala
complex, where VD is represented as a space-filling model with
an electrostatic surface and the bound-dipeptide ligand as a
stick-and-ball model. The observed instability during the first 3
ns is associated with the rearrangement of the aglycon
structure and its bound ligand, resulting in the partial

Figure 4. Comparative 2D RMSD (Å) contour plots of the VN-Ala complex relative to VD-Lac, VN-Lac, and VD-Ala complexes. Comparative 2D
RMSD contour plots of (a) VN-Ala vs VD-Lac, (b) VN-Ala vs VN-Lac, and (c) VN-Ala vs VD-Ala complexes. The contour lines represent the density
of trajectories that are located within the area. The red color denotes the region of highest density and the blue color denotes the region of lowest
density.

Table 2. Interactions between C-Terminus of the Peptidoglycan and Glycopeptide

glycopeptide−PG complex average number of H-bonds ΔEvdw (kJ/mol) ΔEele (kJ/mol) ΔEtot (kJ/mol)

VN-Ala (R = NH2, X = NH) 3.28 ± 0.29 0.97 ± 3.32 −306.87 ± 26.31 −307.84 ± 26.52
VN-Lac (R = NH2, X = O) 2.73 ± 0.19 −3.79 ± 1.43 −254.93 ± 5.03 −258.72 ± 5.23
VD-Ala (R = O−, X = NH) 0.11 ± 0.05 −1.49 ± 0.74 −49.05 ± 4.11 −50.54 ± 4.18
VD-Lac (R = O−, X = O) 2.22 ± 0.03 −6.63 ± 0.29 −199.19 ± 6.41 −205.82 ± 6.42

Figure 5. Number of intermolecular H-bonds formed per time frame between the C-terminus of the ligand and the glycopeptide. The number of
stable H-bonds formed between the (a) C-terminus of D-Ala-D-Ala and vancomycin in the VN-Ala complex, (b) C-terminus of D-Ala-D-Lac and
vancomycin in the VN-Lac complex, (c) C-terminus of D-Ala-D-Lac and the modified vancomycin in the VD-Lac complex, and (d) C-terminus of D-
Ala-D-Ala and the modified vancomycin in the VD-Ala complex.
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displacement of the terminal D-Ala from the binding cleft
(Figure 3b). The final structure of the VD-Ala complex reveals
the displacement of the D-Ala-D-Ala C-terminus from the
binding cleft, which results in the loss of three hydrogen bonds
between the C-terminus of the dipeptide and the amide
protons of residues 1, 2, and 3 of the vancomycin peptide
backbone (Figure 1b). This loss of three hydrogen bonds is
consistent with the calculated 2.1 hydrogen bonds found in the
VD-Ala complex (Table 1).
The 2D RMSD contour plots shown in Figure 4 was used to

further characterize the stability and conformational distribu-
tion of the different glycopeptide−ligand complexes during
MD simulation. The VN-Ala complex, which is the most stable
complex, is used as a reference to compare the similarities of
the binding distribution to that of other complexes (Figure 4).
The numbers on the contour lines represent the density of the
joint distribution between the conformational space of two
different complexes along the RMSD trajectories. The closer
the attraction basin (area of highest density) for a distribution
to be centered on the same points, the more similarity between
the two different complexes under comparison. From Figure
4a, it can be seen that the binding distribution of the VD-Lac
complex is closest to that of VN-Ala due to their attraction
basin centered at approximately (0.17, 0.20) Å and the
presence of a single attraction basin. This is followed by the
VN-Lac complex (Figure 4b), whose joint distribution with VN-
Ala is centered at approximately (0.17, 0.23) Å, including a
minor contribution at (0.17, 0.35) Å. The presence of multiple
attraction basins in Figure 4b is indicative of greater differences
between VN-Lac and VN-Ala complexes when compared to
those of VD-Lac and VN-Ala complexes. The binding
distribution of the VD-Ala complex is least similar to that of

VN-Ala. This is shown by the high-density attraction basin
centered at approximately (0.17, 0.30) Å, including an
extension to about (0.18, 0.37) Å.

2.3. Glycopeptide Interactions with the C-Terminus
of Peptidoglycan Precursor. The interactions between the
glycopeptide and the C-terminus of the bound ligand are
summarized in Table 2. The average number of H-bonds
formed with the C-terminus and the interaction energy is
determined to gain insight into the C-terminus contribution to
the ligand binding. The interaction energy (ΔEtot) when
ordered from the most stable to the least is as follows: VN-Ala
> VN-Lac > VD-Lac > VD-Ala. This stability trend is identical to
the trend observed for the average number of H-bonds shown
in the table.
In the VN-Ala complex, the C-terminus of D-Ala-D-Ala forms

approximately 3H-bonds per time frame (Figure 5a) with the
aglycon during the simulation. From Table 2, the VN-Ala
complex has the most stable interaction energy followed by the
VN-Lac, VD-Lac, and VD-Ala complexes. For vancomycin, the
number of H-bonds formed between the aglycon structure to
the C-terminus of D-Ala-D-Ala is 3.28 but reduces to 2.73 when
bound to D-Ala-D-Lac. In the VN-Lac complex, the replacement
of an amide by ester oxygen in D-Ala-D-Lac replaces an H-bond
(Figure 1b) with an electrostatic repulsion. This results in large
RMSD fluctuation of the VN-Lac complex (Figure 2b) and it
negatively impacted the H-bond interactions between the C-
terminus of the bound ligand and the vancomycin aglycon.
The VD-Ala complex is the least stable without any H-bond
interaction between the C-terminus of D-Ala-D-Ala and the
glycopeptide (Table 2). An analysis of the number of H-bond
formed per time frame between the C-terminus of D-Ala-D-Ala
and the modified vancomycin in the VD-Ala complex (Figure

Figure 6. Monitoring intermolecular distance between the bound ligand and the side chain at the 3rd amino acid position in vancomycin per time
frame during the 30 ns MD simulation. Intermolecular distances between the amide nitrogen of the asparagine side chain of residue 3 in
vancomycin and (a) the C-terminus amide nitrogen of D-Ala-D-Ala for the VN-Ala complex and (b) the ester oxygen of D-Ala-D-Lac for VN-Lac
complex. The fluctuating intermolecular distances in the VN-Lac complex, compared to the VN-Ala complex, indicate conformational changes
associated with the depsipeptide binding. Intermolecular distances between the carbonyl oxygen atom of the aspartate side chain of residue 3 in the
glycopeptide and (c) the C-terminus ester oxygen of D-Ala-D-Lac for the VD-Lac complex and (d) the C-terminus amide nitrogen of D-Ala-D-Ala for
the VD-Ala complex. In the VD-Ala complex, the aspartate substitution in vancomycin introduces a negative charge that destabilizes D-Ala-D-Ala
binding through electrostatic repulsion with the C-terminus of the bound ligand. After 3 ns, the formation of a new H-bond between the aspartate
side chain and the amide proton of the terminal D-Ala is associated with the removal of the terminal D-Ala out of the binding pocket (Figures 5d
and 3b).
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5d) shows that the number of H-bonds reduces from 3 to 0
within 3 ns of the simulation.
The H-bonds between the C-terminus of D-Ala-D-Ala and

the amide protons of aglycon residues 1,2, and 3 are disrupted
by the competing H-bond formed between the aspartate side
chain of the glycopeptide and the hydrogen donor, the amide
proton, of the C-terminus D-Ala. This preferential interaction
between the aspartate side chain of residue 3 in the
glycopeptide with D-Ala-D-Ala in the VD-Ala complex was
monitored by measuring the intermolecular distance between
the amide nitrogen atom at the C-terminus of the dipeptide
and the carbonyl oxygen atom of the aspartate side chain
(Figure 6d). The intermolecular distance starting at 0.5 nm
was rapidly reduced to an overall average of 0.29 nm within 3
ns and remained stable for the remaining duration of the
simulation (Figure 6d). The replacement of asparagine at the
3rd amino acid position in vancomycin with an aspartate
introduces a negative charge within the binding cleft. This
destabilizes the D-Ala-D-Ala binding through the electrostatic
repulsion between the negative charges of aspartic acid and the
C-terminus of the dipeptide. The formation of a new H-bond
between the aspartate side chain and the amide proton of the
terminal D-Ala of the dipeptide (Figure 6d) indicates a
conformational change associated with the displacement of the
bound C-terminal D-Ala out from the binding pocket (Figure
3b). The reduced binding stability in the VD-Ala complex is
consistent with the eightfold reduction in the antimicrobial
activity of VD against S. aureus with PG-stems terminating in D-
Ala-D-Ala.34

In the case of the VD-Lac complex, the aspartate side chain
of the glycopeptide does not form a destabilizing H-bond with
the amide proton of the ligand due to ester oxygen in D-Lac
(Figure 6c). The depsipeptide binding in the VD-Lac complex
with the overall ΔGbind of 9.60 ± 0.02 kJ/mol is more stable
than VN-Lac with ΔGbind of 14.31 ± 0.68 kJ/mol (Table 1).
However, Table 2 shows that the localized C-terminus
interaction of the bound ligand with the amide protons of
residues 1, 2, and 3 of the aglycon is less stable in the VD-Lac
complex than that in the VN-Lac by approximately 53 kJ/mol.
This indicates that the unaccounted interactions that involve
non-C-terminus of ligand play an essential role in stabilizing
the VD-Lac complex.
In the VD-Lac complex, the negatively charged carboxyl side

chain of aspartate interacts constantly with the amide protons
of the amino acids at positions 1, 2, and 3 of the aglycon with

an interaction energy of −22.23 ± 5.65 kJ/mol. The measured
interaction energy between the amide side chain of asparagine
with the amide protons at positions 1, 2, and 3 of the aglycon
in the VN-Lac complex is 32.11 ± 4.19 kJ/mol. The attraction
of the aspartate side chain to the neighboring amide protons in
the aglycon of the VD-Lac complex makes the aspartate side
chain less available for interaction with the non-C-terminus of
the bound ligand, especially the ester oxygen. This is evident in
the stable fluctuation pattern shown in Figure 6c, where the
intermolecular distance is measured between the carbonyl
oxygen atom of the aspartate side chain and the C-terminal
ester oxygen of D-Ala-D-Lac. On the other hand, the
intermolecular distance between the amide nitrogen of the
asparagine sidechain and the ester oxygen of D-Ala-D-Lac in the
VN-Lac complex shows an unstable fluctuation pattern
implying more interaction (Figure 6b). Thus, the aspartate
side chain in the VD-Lac complex competes for the amide
protons of the amino acids at positions 1, 2, and 3 of the
aglycon. The attraction of this negatively charged carboxyl side
chain of aspartate for the neighboring amide protons in the VD-
Lac complex weakens the H-bond network between the
aglycon and the C-terminus of the ligand D-Lac (Table 2). This
results in conformational changes in both the aglycon and the
bound depsipeptide, which stabilizes the depsipeptide binding
cleft but weakens the aglycon interaction with the C-terminus
of the ligand D-Lac. Both the bound ligand and the
glycopeptide aglycon in the VD-Lac complex undergo
conformational rearrangements that stabilize the complex by
minimization of the strong repulsive lone pair interaction,
which has been attributed to the loss of binding affinity in the
VN-Lac complex. This conformational rearrangement that
minimizes the strong repulsive lone pair interaction in the VD-
Lac complex is evident in Figure 7, which is a time-dependent
plot of the intermolecular distance between the ester oxygen of
D-Ala-D-Lac and the carbonyl oxygen of residue 4 in the
glycopeptide during 30 ns MD simulation. The VN-Lac
complex shows greater atomic distance fluctuation than the
VD-Lac complex, which is relatively more stable with a lower
average distance value. The average distance value for the VD-
Lac complex is 3.9 Å and the VN-Lac complex is 4.9 Å (Figure
7). We hypothesize that the conformational change caused by
the substitution of aspartate for asparagine in the VD-Lac
complex leads to a reorientation of the amide carbonyl in the
glycopeptide’s residue 4. This reorientation minimizes the
repulsive lone pair interaction between the carbonyl oxygen of

Figure 7. Average atomic distance per time frame during the 30 ns MD simulation of oxygen−oxygen atoms involved in repulsive interactions
between the peptidoglycan precursor and the glycopeptide in the different complexes. Average atomic distance between (a) D-Ala-D-Lac ester
oxygen of the ligand and the carbonyl oxygen of residue 4 in vancomycin of the VN-Lac complex and (b) D-Ala-D-Lac ester oxygen of the ligand and
the carbonyl oxygen of residue 4 in the modified vancomycin of the VD-Lac complex.
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the glycopeptide and the D-Ala-D-Lac ester oxygen in the VD-
Lac complex relative to the VN-Lac complex.
2.4. Intramolecular Interaction Between the Side

Chain of Residue 3 of the Glycopeptide and Other Parts
of the Glycopeptide. An analysis of the intramolecular
interaction energy between the side chain of residue 3 to the
rest of the glycopeptide in various complexes was carried out
during the MD simulation. Intramolecular interactions within
the glycopeptide can be useful to yield conformational changes
in the glycopeptide that can favor the binding of the
glycopeptide to the D-Ala-D-Lac of peptidoglycan. In general,
the glycopeptide with aspartate at residue 3 showed stronger
intramolecular interaction energy (ΔEtot) than the glycopep-
tide with asparagine (Table 3). The strongest intramolecular
interaction was observed for the VD-Ala complex followed by
VD-Lac, VN-Ala, and VN-Lac complexes. In the case of VD-Lac
and VN-Lac complexes, the intramolecular interaction energy
of VD-Lac is greater than the VN-Lac by approximately 60 kJ/
mol (Table 3). This strong intramolecular interaction in the
VD-Lac complex stabilizes the binding cleft but weakens the
intermolecular interaction with the C-terminus of the ligand
(Table 2) allowing for the conformational rearrangement of
the bound complex. The conformational changes minimize the
lone pair/lone pair electrostatic repulsion, making the VD-Lac
complex more stable than the VN-Lac. In the VN-Lac complex,
the opposite is observed where the intramolecular interaction
is weaker but the intermolecular interaction with the C-
terminus of the ligand is much stronger than the VD-Lac
complex (Table 2).

3. CONCLUSIONS

Vancomycin represents an important class of antibiotics
reserved for the treatment of serious infection by multidrug-
resistant Gram-positive pathogens. All side chains of amino
acids in vancomycin, except for the residues at positions 1 and
3, are involved in cross-linking to form a binding cleft. The
amino acids at 1 and 3 are N-methylleucine and asparagine,
respectively. Although these residues are not directly involved
in the PG-stem binding, the removal or chemical modifications
dramatically affects both the efficacy of the compound and its
binding affinity to the PG-stem. For example, a natural product
of vancomycin analogue that contains aspartate in place of
asparagine at position 3 is known to have an eight-fold
reduction in the antimicrobial activity against S. aureus;34

however, the effect of aspartate substitution on the D-Ala-D-Ala
binding is not well understood.
To investigate the role of the asparagine side chain of

residue 3 in vancomycin, the following four glycopeptide−PG
complexes were analyzed using molecular dynamics simu-
lation: VN-Ala, VN-Lac, VD-Ala, and VD-Lac. While VN-Ala was
found to be the most stable complex, VD-Lac showed greater
stability over VN-Lac and VD-Ala. The VD-Lac complex is more
stable than the VN-Lac complex by −4.71 kJ/mol (ΔΔGbind)
and by −6.22 kJ/mol for the VD-Ala complex. The reduced

binding stability of the VN-Lac and VD-Ala complexes
determined by MD simulations (Table 1) are consistent with
the observed antimicrobial activities of the compounds. In the
case of vancomycin (VN), its activity against VRE is devoid of
antimicrobial activity with MIC exceeding 1000 μg/mL. For
VD, its activity against S. aureus, compared to vancomycin, is
reduced by eight-fold. Hence, the increased stability of the VD-
Lac complex strongly suggests that the aspartate-substituted
analogue of vancomycin will exhibit antimicrobial activities
against VRE and VRSA. Our analysis shows that the aspartate
side chain in VD is not directly involved in the depsipeptide
binding. Instead, the aspartate substitution changed the
conformations of both aglycon and its bound ligand such
that it minimized the destabilizing lone pair interaction
between the ester oxygen of the D-Lac and carbonyl oxygen
at the 4th residue in VD. The mechanism by which the
aspartate side change affects the conformations of both aglycon
and ligand is by forming transient intramolecular attraction
with the amide protons at positions 1, 2, and 3 of the aglycon.
These intramolecular attractions compete with the intermo-
lecular H-bonds between aglycon and the C-terminus of the D-
Lac to allow rearrangement of the bound depsipeptide, which
minimizes the electrostatic repulsion. The MD simulations of
glycopeptide−PG complexes provided insight into the function
of residue 3 in vancomycin aglycon and its effects on the
conformational dynamics associated with the PG-stem binding
necessary for the future development of novel glycopeptides to
counter the continual emergence of glycopeptide resistance in
pathogens.

4. METHODS

4.1. Molecular Dynamics Simulations. The initial crystal
structure of vancomycin complexed with the cell wall precursor
analogue was obtained from the Protein Data Bank (PDB
code: 1FVM).38 The structure was modified with GaussView
6.1.1 of the Gaussian16 software package39 to generate the
other complexes used in the simulations. The VN-Ala complex
represents the unmodified vancomycin and acyl-D-Ala-D-Ala,
while VN-Lac is a complex with acyl-D-Ala-D-Ala modified to
acyl-D-Ala-D-Lac. In the VD-Ala complex, the residue 3 of
vancomycin is modified from asparagine to aspartate, and VD-
Lac is the complex with residue 3 of vancomycin modified to
aspartate and acyl-D-Ala-D-Ala modified to acyl-D-Ala-D-Lac. A
CHARMM general force field (CGenFF) was generated for
the simulation system using the online paramchem/CGenFF-
4.0 server.40,41 Partial charges for the atoms were obtained
from a series of Natural Population Analyses using the density
functional theory (DFT) at the B3LYP/6-311G(d,p) level with
the Gaussian16 software package.39 All simulations were
carried out under periodic boundary conditions using the
GROMACS version 2018.3.42 A cubic box size of approx-
imately 46.1 Å was used. The number of atoms in the
complexes ranges from 199 to 202. The system was solvated
with transferable intermolecular potential with 3 points

Table 3. Intramolecular Interactions between the Side Chain of Residue 3 in the Glycopeptide of Different Complexes with
Other Parts of the Glycopeptide

glycopeptide−PG complex ΔEvdw (kJ/mol) ΔEele (kJ/mol) ΔEtot (kJ/mol)

VN-Ala (R = NH2, X = NH) −17.49 ± 1.02 −79.90 ± 2.82 −97.39 ± 3.00
VN-Lac (R = NH2, X = O) −15.85 ± 0.65 −74.91 ± 4.82 −90.76 ± 4.86
VD-Ala (R = O−, X = NH) −10.70 ± 0.20 −183.96 ± 1.26 −194.66 ± 1.28
VD-Lac (R = O−, X = O) −14.03 ± 0.36 −136.03 ± 4.86 −150.06 ± 4.87
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(TIP3P) explicit water molecules in a cubic periodic box and
neutralized using sodium and chlorine ions under physiological
conditions. Following energy minimization via steepest
descent, constant volume and temperature (NVT) equilibra-
tion was performed for 200 ps at 1 fs time step using the leap-
frog integrator and modified Berendsen thermostat to
equilibrate the system to a temperature of 300 K. Thereafter,
constant pressure and temperature (NPT) equilibration was
performed to stabilize the pressure of the system at 1 bar for 10
ns with 2 fs time step using Parrinello−Rahman barostat with a
compressibility of 4.5 × 10−5 bar−1. The pressure was
controlled by the isotropic position scaling protocol applied
in GROMACS. Initial velocities were assigned from a
Maxwellian distribution. The particle mesh Ewald (PME)
method was used for the electrostatic interactions, and the
length of all covalent bonds was constrained using the linear
constraint solver (LINCS) algorithm.43 A 30 ns molecular
dynamics simulation was performed at a time step of 2 fs for
each protein−ligand complex and the output saved after every
10 ps. The cutoff distance for the nonbonded interaction is 12
Å. Three simple harmonic distance restraints were applied to
all of the systems during the MD simulation based on
experimental solid-state NMR data.44 The distances were
defined and discussed in a previous publication.33

4.2. Root-Mean-Square Deviation. The root-mean-
square deviation (RMSD) was used to quantitatively measure
the conformational difference between the structures in the
trajectories of the complex during MD simulations and a stable
reference structure to estimate structural similarity. This was
done by least-squares fitting the dynamic structure to the
reference structure. The calculation was done using GRO-
MACS built-in functions, illustrated by the equation for a
molecular structure represented by a cartesian coordinate
vector ri (i = 1 − N) of N atoms
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i i1
0 is the position of atom i in the

reference structure, ri
t is the position of atom i at time t, and mi

is the mass of atom i. The RMSD values for different
complexes were obtained by comparing their structure at time t
= 0 (i.e., following the complete equilibration process) with the
various structures along the trajectories during MD simu-
lations.
4.3. Hydrogen Bond Analysis. The hydrogen bond

analysis monitored the stability of the hydrogen bonds formed
between the glycopeptide and peptidoglycan analogues along
the trajectory of the MD simulation. Hydrogen bond profiles
between the selected glycopeptide and the peptidoglycan
precursor were calculated with the g_hbond utility in
GROMACS. All possible donors and acceptors are considered
in the hydrogen bond analysis. The donor−acceptor distance is
defined within 3.5 Å and the angle cutoff as 30° within a linear
configuration. The average number of hydrogen bonds per
time frame for different complexes can be used to compare
their stability during the MD simulation.
4.4. Interaction Energy. The interaction energy was

computed for each complex to characterize the nonbonded
ligand−macromolecular interactions. The short-range non-
bonded energies are decomposed using GROMACS g_energy
analysis tool by defining the energy group of interest to

recalculate energies from the existing simulation trajectory.
The short-range van der Waals (Evdw) and electrostatic (Eelec)
interactions were modeled using the Lennard−Jones short-
range (LJ-SR) and Coulombic short-range interaction energy
(Coul-SR), respectively. The total interaction energy (Etot) is
the sum of the short-range Lennard−Jones energy (ELJ‑SR) and
the short-range Coulombic energy (ECoul‑SR).

= +− −E E Etot LJ SR Coul SR (2)

The measured intermolecular interaction energy is the
interactions between the C-terminus of the bound ligand and
the glycopeptide, while the intramolecular interaction energy
was measured for the interactions within the glycopeptide,
specifically between the side chain of residue 3 and other parts
of the aglycon.

4.5. Binding Free Energy Calculations. The binding free
energy between the glycopeptide and peptidoglycan analogues
was computed using the molecular mechanics Poisson−
Boltzmann surface area (MM/PBSA) method36 to quantify
the strength of the interaction in a complex between the
glycopeptide and its bound ligand. This was implemented in
GROMACS using an external tool, g_mmpbsa, which
integrates high-throughput MD simulations with binding
energy calculations.45 The free energies of binding are
described with the following set of equations

Δ = − −

= Δ + Δ − Δ

G G G G

E G T S

bind complex receptor ligand

MM sol (3)

Δ = Δ + Δ + ΔE E E EMM internal elec vdw (4)

Δ = Δ + ΔG G Gsol polar nonpolar (5)

where ΔGbind is the total free energy of binding in the solution,
Gcomplex, Greceptor, and Gligand are the free energies of the
complex, glycopeptide, and ligand in the solution, respectively.
ΔEMM is the molecular mechanic’s potential energy in a
vacuum, which includes ΔEinternal (bond, angle, and dihedral
energies), ΔEelec (electrostatic), and ΔEvdw (van der Waals)
energies. ΔGsol is the free energy of solvation, and T and S
denote the temperature and entropy, respectively. ΔEMM is
evaluated directly from the force field terms and ΔGsol can be
decomposed into polar and nonpolar contribution states. The
polar term is estimated by solving the Poisson−Boltzmann
equation, whereas the nonpolar term is estimated using the
solvent-accessible volume model. The implementation of MM/
PBSA within g-mmpbsa does not include entropic terms and
thus is unable to provide the absolute binding free energy
directly,45 although the tool is suited for calculating relative
binding energies of similar systems.36,37,45,46
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