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Introduction

The glycopeptide antibiotic vancomycin (Van) is often used
as a last resort to effectively treat methicillin resistant Staph-
ylococcus aureus (MRSA).[1] The mode of action of Van in-
volves the selective binding of the antibiotic to the -d-Ala-
d-Ala termini of the bacteria cell wall peptidoglycan; this
leads to an inhibition of cell growth and eventual cell death.
With the frequent use of this antibiotic molecule, some drug
resistant Gram positive bacterial pathogens, such as vanco-
mycin-resistant enterococci (VRE), have emerged, which
are capable of assembling the peptidoglycan precursors and

switching the termini -d-Ala-d-Ala to -d-Ala-d-Lac.[2] This
undesired microbial development results in a drastic drop in
the binding affinity between Van and the resistant bacteria
and renders the drug ineffective in the fight against VRE-re-
lated infections, which have now become a major and world-
wide public health threat. There is, therefore, a new urgency
to understand the detailed structure and activity of vanco-
mycin antibiotic derivatives with the aim of developing new
drug candidates against evolving bacterial pathogens.[2]

In order to design Van derivatives that exhibit improved
antimicrobial activity against both Van-receptive and Van-
resistant bacteria, it is necessary to understand the driving
force behind the interaction between the antibiotic and bac-
teria cell wall mimicking peptide ligands. The binding affini-
ties between Van and the ligands N,N’-diacetyl-l-Lys-d-Ala-
d-Ala (Ac2KdAdA) and N,N’-diacetyl-l-Lys-d-Ala-d-Lac
(Ac2KdAdL) in buffer solutions have been previously inves-
tigated by using several methods including UV-difference
spectroscopy,[3,4] fluorescence,[5–7] affinity capillary electro-
phoresis,[8] isothermal titration microcalorimetry,[9] and
NMR spectroscopy.[10] The association between Van and cell
wall analogues has also been studied in the gas-phase by
using mass spectrometry.[11] There exists a discrepancy be-
tween the various reported binding constant values, which
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has been ascribed to the different experimental techniques
and analysis methods used.[13,14] The degree of association
between Van and Ac2KdAdA has also been shown to be af-
fected by solvent properties, such as pH, ionic strength and
the type of solvents used; this indicates, in general, the com-
plexity of the intermolecular interaction.[6,12] Despite exten-
sive studies on the environmental effects on the binding be-
tween Van derivatives and bacterial cell wall peptide precur-
sors, the exact nature of the inconsistency in the equilibrium
binding constant values reported so far remains vague.[13, 14]

In buffer solutions, detailed information on the effects of
the various components that make up the buffer (e.g., phos-
phate ion in phosphate buffer, etc.) on the association be-
tween Van and peptide analogues need to be further ex-
plored since buffer solutions are known to interfere with the
coupling between ligands and biological receptors and their
effects should therefore be carefully characterized.[15,16]

In this study, single-molecule fluorescence correlation
spectroscopy (FCS) was used, for the first time, to investi-
gate the association between Van and cell wall analogues
terminating in -d-Ala-d-Ala and -d-Ala-d-Lac in the com-
monly employed vancomycin and bacterial cell wall peptide
precursor interaction buffer systems: phosphate and HEPES
buffers. FCS is based on the analysis of the diffusion of an
emitting molecule as it diffuses in the excitation volume of a
confocal microscope (Scheme 1). The difference in diffusion

behavior between a freely diffusing emitting molecule and
when it binds to a target allows the quantification of the cor-
responding binding constant between the two species. FCS
is now recognized to be a very simple yet powerful tech-
nique for studying ligand–receptor interaction in biomolecu-
lar recognition.[17] Unlike UV-difference spectroscopy and
conventional fluorescence techniques, one major advantage
of FCS is that it does not require the utilization of an envi-
ronment-sensitive chromophore that alters its photophysical
properties (e.g., emission quantum yield, absorption coeffi-
cient) upon complex formation between the labeled ligand

and substrate. In addition, FCS requires relatively low con-
centrations of peptide and Van and hence avoids complica-
tions arising from peptide aggregation and Van dimeriza-
tion, which commonly occur when high concentrations of
peptide/antibiotics are used.[8] Herein, the peptide sequences
Ac2KdAdA and Ac2KdAdL were labeled with ATTO 655,
which is a photostable and commonly used near-infrared flu-
orescent (NIR) dye in FCS studies.[18] The molecular interac-
tion between the fluorescent labeled/nonlabeled peptide se-
quences and Van and the influence of phosphate and
HEPES buffers on the intrinsic binding between the two
moieties were systematically investigated by using both
single-molecule FCS and molecular dynamics (MD) simula-
tions.

Results and Discussion

The peptide precursors were first modified by ATTO 655
NHS and further purified by RP-HPLC (see the Experimen-
tal Section for details). Figure 1 shows the normalized auto-

correlation functions of freely diffusing ATTO 655 dye, la-
beled Ac ACHTUNGTRENNUNG(ATTO 655)KdAdA peptide and Ac-ACHTUNGTRENNUNG(ATTO 655)KdAdA in the presence of Van (50 mm) in neat
water. Since the triplet state formation quantum yield of
ATTO 655 is negligible, the FCS autocorrelation function of
Ac ACHTUNGTRENNUNG(ATTO 655)KdAdA is well-fitted to Equation (1):[18]

GðtÞ ¼ G0 1 þ t
t

� ��1

1 þ t
k2 t

� ��1
2 ð1Þ

where t (=98.8 ms) is the diffusion time and k is the eccen-
tricity of the confocal volume defined by k=z0/w0 (w0 and z0

are the lateral radius and axial 1/e2 radius of the confocal
volume, respectively). The diffusion coefficient for Ac-

Scheme 1. Schematic representation of the FCS study of the molecular
interaction between Van and dye-labeled bacterial cell wall peptide ana-
logues. A single complex formed by the association of the two moieties
diffuses across the ellipsoidal excitation/observation volume.

Figure 1. Nomalized autocorrelation functions of ATTO 655 dye (&),
Ac ACHTUNGTRENNUNG(ATTO 655)KdAdA (*) and Ac ACHTUNGTRENNUNG(ATTO 655)KdAdA in the presence
of Van (50 mm) (~) in neat water.
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ACHTUNGTRENNUNG(ATTO 655)KdAdA in neat water is obtained from Equa-
tion (2):

t ¼ w2
0

4D
ð2Þ

which yields D =310(�2) mm2 s�1. At high Van concentra-
tions (i.e., 50 mm) the autocorrelation function is best de-
scribed by using Equation (1) with t= 128 ms. This suggests
an insignificant amount of free labeled peptide ligand pres-
ent in the Van (50 mm) solution and the diffusion time is as-
cribed to the diffusion of Ac ACHTUNGTRENNUNG(ATTO 655)KdAdA–Van com-
plex across the observed volume. A value of D =

240(�2) mm2 s�1 is calculated for the bound complex with
Equation (2). As expected, in the presence of Van, the la-
beled peptide ligand bound to Van diffuses more slowly
across the observed volume. It is worth noting that the diffu-
sion coefficient of ATTO 655 remains invariant in the differ-
ent solvents used in this study, indicating the insignificant
effect of viscosity. In addition, the change in emission quan-
tum yield when the labeled peptide ligand is bound to the
antibiotic is small (<10 %) and was not considered in fur-
ther analysis.[19]

The binding equilibrium between Van (V) and Ac-ACHTUNGTRENNUNG(ATTO 655)KdAdA (L) is described by the reaction
L+VQLV, where LV is the Ac ACHTUNGTRENNUNG(ATTO 655)KdAdA–Van
complex and the corresponding association constant (ka1)
and dissociation constant (kd1) are related by Equation (3):

ka1 ¼
1

kd1
¼ ½LV�
½L� ½V� ð3Þ

When an intermediate concentration of Van is incubated
with Ac ACHTUNGTRENNUNG(ATTO 655)KdAdA, the autocorrelation function
of the sample solution measured is best fitted to a two-com-
ponent model that takes into account the diffusion times of
both the free labeled peptide ligand (tL) and the labeled
bound complex (tLV):

G tð Þ ¼ N�1 1 � Yð Þ 1 þ t
tL

� ��1

1 þ t
k2 tL

� ��1
2

þY 1 þ t
tLV

� ��1

1 þ t
k2 tLV

� ��1
2

" #

with the relative proportion of LV given by Equation (4):

Y ¼ ½LV�
½L� þ ½LV� ð4Þ

The dissociation constant, kd1, is obtained by fitting the
graph of Y against [V] by using the following equation:[19]

Y ¼ ½L��1
0

��
kd1 þ ½L�0 þ ½V�0

2

�

�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kd1 þ ½L�0 þ ½V�0

2

�2

� ½L�0 ½V�0
��s

where [L]0 and [V]0 are the initial concentrations of L and

V, respectively. Figure 2 shows the graph of Y against vari-
ous concentrations of Van, [V], and clearly indicates an in-
crease in binding upon increasing [V]. Based on this fluores-
cence binding assay, a dissociation constant of kd = 1.1-ACHTUNGTRENNUNG(�0.1) mm was obtained for Ac ACHTUNGTRENNUNG(ATTO 655)KdAdA in neat
water.

The binding constant of labeled Ac ACHTUNGTRENNUNG(ATTO 655)KdAdL
to Van cannot be directly determined by using FCS since
the autocorrelation function in neat water does not vary sig-
nificantly when Van is added into the solution. This demon-
strates that the binding between Van and the low-affinity
ligand is negligible for the concentrations of peptide
(1.5 nm) and Van (between 0 and 50 mm) used in the FCS ex-
periment. Larger amounts of Van are avoided due to possi-
ble dimerization of the antibiotics at high concentrations.[8]

In order to precisely investigate the weak Van-binding affin-
ity of the peptide with d-Ala-d-Lac,
an FCS-based competitive binding
assay was used in which the non-la-
beled Ac2KdAdL ligand competed
with Ac ACHTUNGTRENNUNG(ATTO 655)KdAdA for bind-
ing to Van. In this case, Van was

added to a mixture containing Ac ACHTUNGTRENNUNG(ATTO 655)KdAdA
(1.5 nm) and Ac2KdAdL (I; 5 mm). The association constant
for the formation of Ac ACHTUNGTRENNUNG(ATTO 655)KdAdA–Van complex
is given by Equation (3), while the association (ka2) and dis-
sociation (kd2) constants for binding between Van (V) and I
(i.e., I+VQIV) are given by Equation (5):

ka2 ¼
1

kd2
¼ ½IV�
½I� ½V� ð5Þ

The relationship between the initial concentration of Van
([V]0) and the binding proportion (Y) of Ac-ACHTUNGTRENNUNG(ATTO 655)KdAdA to Van, in competition with the unla-
beled peptide I, is expressed as:[20]

Figure 2. Plots of Y versus [Van] for Ac ACHTUNGTRENNUNG(ATTO 655)KdAdA in neat
water (*) and Ac ACHTUNGTRENNUNG(ATTO 655)KdAdA in the presence of Ac2KdAdL
(5 mm) in neat water (&), 5 mm phosphate buffer (~) and 10 mm phos-
phate buffer (^).
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½V�0 ¼
Y kd1

1�Y
þ ½L�0 Y þ ½I�0 Y kd1

kd2 ð1 � YÞ þ Y kd1

where [L]0 and [I]0 are the initial concentrations of Ac-ACHTUNGTRENNUNG(ATTO 655)KdAdA and the unlabeled peptide, I, respec-
tively, and Y, kd1 and kd2 are defined in Equations (4), (3)
and (5), respectively. The Y versus [V] plot for Ac-ACHTUNGTRENNUNG(ATTO 655)KdAdA in the presence of Ac2KdAdL (5 mm)
is shown in Figure 2, and the kd value in neat water for
Ac2KdAdL was determined to be 260(�6) mm. The competi-
tive binding assay was also used to determine the Van-bind-
ing affinity of Ac2KdAdA, which was found to be similar to
that of Ac ACHTUNGTRENNUNG(ATTO 655)KdAdA (Figure S2 in the Supporting
Information); this suggests that the appended fluorophore
does not affect the binding equilibrium. We note that the
Van-binding affinity of the peptide ligand increased in the
order of -d-Ala-d-Lac<-d-Ala-d-Ala. The loss of a hydro-
gen bond and a concomitant gain of an oxygen–oxygen lone
pair repulsion between Ac2KdAdL and Van are, in part, re-
sponsible for the significant reduction in the degree of bind-
ing between the two moieties when compared to the peptide
terminating in -d-Ala-d-Ala (Figure 3).[3,21]

The effects of buffers on the binding between Van and
the various peptides are discussed next. When the solvent
was changed from neat water to phosphate buffer (10 mm ;
consisting of 6.8 mm HPO4

2� and 3.2 mm H2PO4
�, pH 7.3,

ionic strength m=24 mm) the Van-binding affinity of Ac-ACHTUNGTRENNUNG(ATTO 655)KdAdA (i.e., kd =1.3 mm) did not vary signifi-
cantly from the one observed in neat water, and the kd de-
termined by FCS was in agreement with previously reported
values in phosphate buffers.[5] This suggests that the high af-
finity of Ac ACHTUNGTRENNUNG(ATTO 655)KdAdA to Van is not influenced by
the phosphate buffer. Figure 2 shows the Y versus [V] plots
of Ac ACHTUNGTRENNUNG(ATTO 655)KdAdA in the presence of Ac2KdAdL
(5 mm) in phosphate buffer (5 mm ; consisting 3.4 mm

HPO4
2� and 1.6 mm H2PO4

�, pH 7.3, m= 12 mm) and phos-
phate buffer (10 mm). It was observed that as the concentra-
tion of phosphate ions increases, a smaller initial concentra-
tion of Van is needed to achieve a large (relative) propor-
tion of Ac ACHTUNGTRENNUNG(ATTO 655)KdAdA–Van complex (i.e., Y). This
means that the binding strength between Van and
Ac2KdAdL significantly decreases when the phosphate
buffer concentration is increased from 0 to 10 mm. The kd

value of Ac2KdAdL, obtained from Figure 2, increased

Figure 3. The binding interaction between the glycopeptide antibiotic vancomycin and: a) Ac2KdAdA, b) Ac2KdAdL, c) HEPES, and d) HPO4
2�. Hydro-

gen bonds are indicated by dotted lines.
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from 260 mm in neat water to 1040 ACHTUNGTRENNUNG(�20) and 2140 ACHTUNGTRENNUNG(�40) mm

in 5 and 10 mm phosphate buffers, respectively. When the
phosphate ion concentration was further increased by utiliz-
ing 20 mm phosphate buffer (consisting of 13.7 mm HPO4

2�,
6.3 mm H2PO4

�, pH 7.3, m=47 mm) the stability of the
Ac2KdAdL–Van complex yielded a kd (=1850 ACHTUNGTRENNUNG(�50) mm)
value close to that measured in 10 mm phosphate buffer. It
is worth noting that the kd values, determined by FCS, for
the 10 and 20 mm phosphate buffers fall in the range previ-
ously reported for Ac2KdAdL in phosphate buffers (i.e. , ca.
1800 to 3000 mm for buffer concentrations of 20 mm to
0.2 m).[5,8, 13]

Similar behavior was also observed when the FCS meas-
urements were conducted in HEPES buffer. In this case,
kd =1.1 ACHTUNGTRENNUNG(�0.1) mm was obtained for Ac ACHTUNGTRENNUNG(ATTO 655)KdAdA
in HEPES (10 mm), NaCl (6 mm) buffer (pH 7.3, m=

10 mm). Perkins and Nieto have shown that the stability of
the Ac2KdAdA–Van complex remains relatively unchanged
in the pH range from 3 to 8 and at low ionic strengths as
employed in this study.[12] Our results, therefore, suggest that
the binding of the peptide terminating in d-Ala-d-Ala to
Van is not affected by the buffer solution due to its high
binding affinity. On the other hand, the association between
Ac2KdAdL and Van is weakened as the concentration of
HEPES increases (Figure 4). From the ligand competitive
assay, kd values for Ac2KdAdL in 5 mm HEPES, 6 mm NaCl
buffer (pH 7.3, m=8 mm) and 10 mm HEPES, 6 mm NaCl
buffer were determined to be 677 ACHTUNGTRENNUNG(�17) and 2870 ACHTUNGTRENNUNG(�189) mm,
respectively. We noted an approximately 8- to 11-times en-
hancement in kd value on going from neat water to 10 mm

phosphate or 10 mm HEPES, 6 mm NaCl buffer solutions;
this further confirms that the components constituting the
buffers (i.e. , phosphate ions and HEPES) affect the molecu-
lar interaction between Van subunits and bacterial cell wall
peptide analogues.

To determine if ionic strength plays a role in changing the
Van-binding constant of Ac2KdAdL in phosphate buffer,

the binding of Ac2KdAdL to Van in phosphate (5 mm),
NaCl (12 mm) buffer (pH 7.3, m=24 mm) was determined by
using FCS and a kd value of 1170 ACHTUNGTRENNUNG(�70) mm was obtained,
which is close to the kd value measured in 5 mm phosphate
buffer (i.e., in the absence of NaCl). Similarly, the kd (=
3000 ACHTUNGTRENNUNG(�80) mm) value determined from the FCS experiment
in 10 mm HEPES buffer (pH 7.3, m= 4 mm) was close to that
obtained in the 10 mm HEPES, 6 mm NaCl buffer. There-
fore, ionic strengths used in this study do not significantly
alter the binding/dissociation constant. The values of kd and
the corresponding change in free energy of binding (DG=

�RT ln kd
�1) for the peptides in different solvents are pre-

sented in Table 1.

To further assess the stability of the complexes formed be-
tween Van and the various affinity ligands (i.e., peptide pre-
cursors Ac2KdAdA and Ac2KdAdL, buffer ions H2PO4

�

and HPO4
2�, and HEPES), MD simulation in an explicit

water environment was performed. The final snapshots of
the 10 ns MD simulations of the Van binding complexes are
given in Figure 5. The corresponding values of the MD com-
puted change in free energy of binding DGmd are given in
Table S1 (in the Supporting Information). The qualitative
trend in DGmd indicates a distribution of hydrogen bonding
strengths in the binding complexes of Van with Ac2KdAdA,
Ac2KdAdL, H2PO4

�, HPO4
2�, and HEPES. According to

the MD simulation, the carboxylate head-groups of
Ac2KdAdA and Ac2KdAdL, sulfate group of HEPES, and
phosphate group of HPO4

2� are oriented toward the Van
carboxylate binding site such that a minimal set of hydrogen
bonding exists between the peptide/ligand and the antibiotic
amide NH groups found in residues 2, 3, and 4 (hydrogen
bonds labeled 1, 2 and 3 in Figure 3). We note that the value
of DGmd is reduced from �14.7 to �6.0 kcal mol�1 on going
from Ac2KdAdA to Ac2KdAdL. This is due to the missing
central hydrogen bond (labeled 4 in Figure 3 a) when the
NH is substituted for an O in Ac2KdAdL; this results in the
weakening of the hydrogen bond between the peptide and

Figure 4. Plots of Y versus [Van] for Ac ACHTUNGTRENNUNG(ATTO 655)KdAdA in the pres-
ence of Ac2KdAdL (5 mm) in 5 mm HEPES, 6mm NaCl buffer (*) and
10mm HEPES, 6mm NaCl buffer (~).

Table 1. FCS determined kd and DG for interactions between Van and
Ac ACHTUNGTRENNUNG(ATTO 655)KdAdA and Ac2KdAdL.

Ligand Solvent kd [mm] DG[a]

[kcal mol�1]

Ac ACHTUNGTRENNUNG(ATTO 655)KdAdA neat water 1.1�0.1 �8.1
10 mm phosphate
buffer

1.3�0.1 �8.0

10 mm HEPES,
6 mm NaCl

1.1�0.1 �8.1

Ac2KdAdL neat water 260�6 �4.9
5 mm phosphate
buffer

1040�20 �4.0

10 mm phosphate
buffer

2140�40 �3.6

5 mm HEPES,
6 mm NaCl

677�17 �4.3

10 mm HEPES,
6 mm NaCl

2870�189 �3.4

[a] DG=�RT lnkd
�1.
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the amide NH found in both residue 4 (hydrogen bond la-
beled 3 in Figure 3 b) and residue 7 (hydrogen bond la-
beled 5 in Figure 3 b).

The MD simulation also reveals that the binding of Van
to the hydrogen phosphate ion HPO4

2� (DGmd =�7.4 kcal
mol�1) appears to be slightly stronger than the binding to
Ac2KdAdL but much weaker than the association between
Ac2KdAdA and Van. Apart from hydrogen bonding with
the amide NH groups of residues 2, 3, and 4 of Van, the
complex formed between HPO4

2� and Van is further stabi-
lized by additional hydrogen bonds involving the amide NH
group in residue 1 and the carbonyl group in residue 4 (hy-
drogen bonds labeled 6 and 7 in Figure 3 d). On the other
hand, dihydrogen phosphate ion H2PO4

� appears to be
bound only very weakly to the binding pocket of the antibi-
otic. Figure 6 shows the root-mean-square deviation
(RMSD) fluctuations of the ligands and Van against the sim-

ulation time. It can be seen clearly that RMSD of H2PO4
�

fluctuates dramatically and leaves the original binding site
at around 9 ns of simulation; this indicates that H2PO4

�

cannot be stabilized within the carboxylate binding site of
Van. However, HPO4

2� remained stable within the binding
pocket of Van, even for simulation times of up to 50 ns
(data not shown). Both Ac2KdAdL and HEPES undergo
complexation with Van by means of three hydrogen bonds,
however, the flexible framework of HEPES molecule under
the influence of solvent molecules impairs its Van-binding
affinity and leads to a lower free energy of binding DGmd

(�3.1 kcal mol�1).
In our FCS measurement, the reduction in the binding

strength between Van and Ac2KdAdL, resulting from a
change of solvent from neat water to buffer solution, might
arise from effects associated with the HPO4

2�–Van and
HEPES–Van interaction. Aoki et al. have reported the crys-
tal structures of complexes formed between Van and pep-
tides terminating with the sequence -d-Ala-d-Lac and have
shown that hydrogen bonding interaction between phos-
phate ions and Van is non-negligible.[22] In neat water,
Ac2KdAdL is able to replace solvent water found in the an-
tibiotic binding pocket after both desolvation and conforma-
tional rearrangement of the binding site have taken place.[23]

On the other hand, expulsion of HPO4
2� and HEPES from

the binding pocket is relatively more difficult due to their
stronger interactions with Van. Based on recent crystal
structure studies,[22,24] a simple model is proposed whereby a
water-mediated hydrogen bond interaction between the
amide nitrogen of the Lys residue in Ac2KdAdL and the
oxygen of the terminal carboxylate group of Van is necessa-
ry to achieve favorable peptide orientation and energy to
remove and replace HPO4

2� and HEPES from the binding
site. This results in a loose Ac2KdAdL–Van complex in
buffer solution as compared to neat water. On average, the
number of Ac2KdAdL–Van complex decreases while the
number of water, HPO4

2� and HEPES filled Van available
for binding to Ac ACHTUNGTRENNUNG(ATTO 655)KdAdA increases as the
buffer concentration is raised until an equilibrium point is
reached. Ac2KdAdA binds strongly to Van and can, there-
fore, easily replace HPO4

2� and HEPES from the binding
pocket without significant variation in the stability of the

Figure 5. The final snapshot of the 10 ns MD simulation of vancomycin binding complex with: a) Ac2KdAdA, b) Ac2KdAdL, c) HEPES, and d) HPO4
2�.

Figure 6. Root-mean-square deviations RMSD (�) of: a) Ac2KdAdA,
b) Ac2KdAdL, c) HEPES, d) HPO4

2�, e) H2PO4
� (dashed lines) with Van

(solid lines) for 10 ns MD simulations.
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complex formed. Other considerations, such as cooperativi-
ty,[25] between the various factors influencing binding in the
presence of HPO4

2� and HEPES might be important but the
exact nature of their roles is not clear at the present
moment.

Conclusion

We have presented a systematic study to investigate the mo-
lecular interactions of glycopetide antibiotic vancomycin
with different affinity ligands including Van-sensitive and
Van-resistant bacterial cell wall peptide analogues and
buffer ions by using both competitive FCS measurements
and MD simulation. The FCS measurement clearly indicates
a higher Van-binding affinity for the drug-sensitive bacteria
cell wall precursor, Ac2KdAdA, as compared to the drug-re-
sistant bacterial cell wall peptide analogue, Ac2KdAdL. The
competitive FCS and MD simulation studies also demon-
strate the profound effects of phosphate and HEPES buffers
on the stability of the complexes formed between Van and
the low-affinity Ac2KdAdL. The weak association between
the buffer components and the binding pocket of Van has
several important implications. In particular, the effects of
phosphate and HEPES buffers on the binding between Van
and antibiotic-resistant peptide analogues are significant and
should not be ignored. Furthermore, there might exist com-
ponents in the Van-resistant bacterial cell wall and its sur-
rounding environment that are capable of binding to the an-
tibiotic molecules leading to a perturbation and possible re-
duction in the drug�s ability to directly associate and kill
bacteria. Therefore, the design of Van derivatives that bind
specifically to the termini d-Ala-d-Lac of the peptidoglycan
without interference from surrounding chemical or biologi-
cal species is a promising step towards increasing the effica-
cy of antibiotic drugs against bacterial pathogens and ob-
taining a more thorough understanding of the actual host–
guest reaction mechanism of antibiotics.[26]

Experimental Section

Materials : Chemical reagents and solvents were used as received from
Sigma–Aldrich unless otherwise stated. ATTO 655 NHS-ester, peptide
precursors AcK(Ac)dAdA and AcK(Ac)dAdL and HEPES buffer (1 m)
solution (pH 7.5) were purchased from ATTO-TECH GmbH (Germany),
Bachem (Germany) and 1st BASE (Singapore). Vancomycin (Van,
Sigma–Aldrich) was purified by using reversed-phase high performance
liquid chromatography (RP-HPLC, Shimadzu). For analytical RP-HPLC,
the measurement was conducted with an Alltima C-18 column (250 �
3.0 mm) at a flow rate of 1.0 mL min�1, and semipreparative RP-HPLC
was performed on a C-18 column (250 � 10 mm) at a flow rate of
3 mL min�1. Absorption and fluorescence spectra were recorded by using
a 5 mm path quartz cell on a Beckman Coulter DU800 spectrometer and
a Cary Eclipse (Varian) fluorescence spectrometer, respectively. Milli-
pore-purified (Milli-Q) water was used in all experiments.

Preparation of peptide ligand samples : The peptide precursors (including
AcK ACHTUNGTRENNUNG(NH2)dAdA and AcK ACHTUNGTRENNUNG(NH2)dAdL) were synthesized by solid-phase
peptide synthesis by using standard Fmoc chemistry. Briefly, 2-chlorotri-
tyl chloride resin (200 mg, 1.0–1.5 mmol g�1 loading level) was placed into

a reaction vessel of a peptide synthesizer and washed with DCM three
times. The first amino acid was coupled to the resin under DIPEA
(174.2 mL, 1 mmol) in DCM, and shaken for 30 min. After being washed
with MeOH and DMF, deprotection of Fmoc was conducted with piperi-
dine (20 %) in DMF. The resin was then washed with DMF three times
and subsequently subjected to the following series of coupling–deprotec-
tion cycles: i) coupling with amino acid (0.4 mmol), HOBT (108.1 mg, 0.8
mol), TBTU (256 mg, 0.8 mmol) and DIPEA (139.3 mL, 0.8 mmol), and
shaken for 2 h, and ii) Fmoc deprotection was carried out as stated above
following three times DMF wash. After three cycles, the peptide se-
quence was coupled with acetic anhydride (1.2 mL, 30% v/v), DIPEA
(1 mL, 50% v/v) and DMF (0.4 mL, 20% v/v) and shaken, overnight.
The product was cleaved from the solid support by treatment with TFA/
triisopropylsilane/anisole (2:1:1) and collected as white solids.

After obtaining the peptide ligands, ATTO 655 NHS-ester (1 mg, 1 mm)
was labeled onto the peptides (1.4 mg, 4 mm) by treatment for 4 h in an-
hydrous DMF and TEA under nitrogen. The products were purified by
RP-HPLC and characterized by using electrospray mass spectrometry.
For the fluorescent-labeled peptides, the peaks at m/z 840.35 and 840.96
correspond to M+ of Ac ACHTUNGTRENNUNG(ATTO 655)KdAdA and Ac-ACHTUNGTRENNUNG(ATTO 655)KdAdL, respectively (Figure S1 in the Supporting Informa-
tion).

For the FCS measurements, the non-labeled peptide precursors,
ATTO 655-labeled peptide ligands and vancomycin were dissolved in dif-
ferent solvents (neat water, phosphate buffer and HEPES buffer) to
obtain the stock solutions. The concentration of the stock solution of
ATTO 655-labeled peptide ligand was determined by using the Beer–
Lambert law. Solutions used in the FCS experiments were freshly pre-
pared from stock solutions by serial dilution. For the FCS assay, the sam-
ples were prepared by mixing the dye-labeled peptide and Van in neat
water, phosphate buffer or HEPES buffer. In the case of the FCS com-
petitive binding assay, the dye-labeled peptide, Van and Ac2KdAdA/
Ac2KdAdL were sequentially added into either neat water or buffer sol-
utions. In all measurements, the final concentrations of dye-labeled pep-
tide ligand and Ac2KdAdA/Ac2KdAdL were 1.5 nm and 5 mm/5 mm, re-
spectively, and the concentration of Van was between 0 and 50 mm.

Fluorescence correlation spectroscopy (FCS): FCS measurements were
performed by using a time-resolved confocal microscope (MicroTime
200, PicoQuant). The excitation source used was a 635 nm pulsed diode
laser (LDH-P-C-635B, PicoQuant) with a repetition rate of 20 MHz. The
excitation light passed through an excitation filter (Z636/10, Chroma)
and directed via a dichroic mirror (Z638rpc, Chroma) into an inverted
microscope (IX71, Olympus) before being focused onto the sample
through a water objective lens (60 � , N.A. 1.2, Olympus). The correction
collar of the water immersion objective was optimized in order to obtain
the highest signal-to-noise ratio and the fluorescence was subsequently
collected by the same objective lens. The fluorescence was then passed
through the dichroic mirror, an emission filter (HQ685/70, Chroma) and
refocused through a pinhole (50 mm in diameter) before being detected
by an avalanche photodiode (SPCM-AQR-15, Perkin–Elmer). The exci-
tation intensity of the laser beam used was 5.8 kW cm�2.

The lateral radius (w0) and axial 1/e2 radius (z0) of the confocal volume
were determined by measuring the autocorrelation function of
ATTO 655-COOH in water. Assuming that the confocal volume can be
approximated by a three-dimensional Gaussian function, w0 and z0 were
obtained by fitting the autocorrelation function (G(t)) of ATTO 655-
COOH in water by using Equation (1) and then by applying Equa-
tion (2). The diffusion coefficient of ATTO 655-COOH in water at 23 8C
was previously reported to be D= 404 mm2 s�1.[18] The number of fluores-
cent molecules (N) was obtained from G(t) when t=0 (i.e., N =G0

�1).

The binding constant of Ac ACHTUNGTRENNUNG(ATTO 655)KdAdA was determined by
measuring the FCS autocorrelation functions of the dye-labeled peptide
ligand in varying amounts of Van. Basically, a dilute solution of Ac-ACHTUNGTRENNUNG(ATTO 655)KdAdA in either neat water or buffer solutions (concentra-
tion of 1.5 nm) was incubated with an appropriate amount of Van (be-
tween 0 to 50 mm) at ambient conditions before the FCS measurements
were conducted. The binding constants between Van and the unlabeled
Ac2KdAdA and Ac2KdAdL peptides were determined by using competi-
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tive binding. In this case, Van was added to a mixture containing Ac-ACHTUNGTRENNUNG(ATTO 655)KdAdA (1.5 nm) and Ac2KdAdL (5 mm) or Ac2KdAdA
(5 mm). All the FCS measurements were repeated at least three times for
each Van concentration and the results were averaged.

Molecular dynamics (MD) simulations : Each molecule was first opti-
mized at the AM1 level by using the Gaussian 03 package and the mini-
mized structure was used to calculate the B3LYP/6-31G* electrostatic po-
tential (ESP). The atomic charges used for molecular mechanics calcula-
tions were derived from the ESP by using the RESP program implement-
ed in the AMBER 9.0 package.

For the ligands (Ac2KdAdA, Ac2KdAdL, HEPES, HPO4
2� and H2PO4

�)
studied here, the binding orientations were first estimated by using Auto-
Dock 4.0. The preliminary docking study showed that the vancomycin
carboxylate binding site is the site for docking to either sulfate or phos-
phate. We thus used this site to generate the receptor site and the ener-
getic grids for the docking calculations. Flexible docking was performed
in which single bonds outside the rings were set free to rotate. During
the docking process, conformational search was performed by using the
Solis and Wets local search method, and the Lamarckian genetic algo-
rithm was applied to find minimum energy structure of the ligand–recep-
tor complexes.

The docking structures obtained were then minimized by using
1000 steps of Steepest Descent followed by another 3000 steps of Conju-
gate Gradient. Molecular dynamics simulations were carried out by using
the SANDER module of the AMBER 9.0 program. For each binding
complex obtained from AutoDock, about 2000 TIP3P water molecules
with 10 � buffer were added around the complex. K+ counterions were
added to maintain the neutrality of the system. The simulations were car-
ried out at 300 K with a time step of 1.0 fs. The non-bonded cutoff was
set to 10.0 � and SHAKE algorithm was applied for all the bonds involv-
ing hydrogen atoms. After minimization of 4000 steps and equilibration
for 100 ps, complex conformations were collected every 0.5 ps for the fol-
lowing 10 ns simulation. Finally, 1000 snapshots were collected from the
region with stable fluctuation for post-processing analysis and free
energy calculations.

For each snapshot collected during the MD simulation, both interaction
energies (DEvdw, DEelec) and the electrostatic contribution (DDGPB) to the
solvation energy were calculated with the PBSA program of
AMBER 9.0. The non-polar part of the solvation energy (DDGSA) was
estimated by using the simple empirical relation: DDGSA =cA+b, where
A is the solvent-accessible surface area that is estimated with Sanner�s al-
gorithm implemented in the MSMS program with a solvent probe radius
of 1.4 � and the PARSE atomic radii parameters; and c and b are empir-
ical constants and were set to 0.00542 and 0.92 kcal mol�1, respectively.
The energy terms obtained with the MM-PBSA approach were then
averaged over 100 time frames. The normal mode calculation to estimate
the entropy contribution was performed by using Nmode module in the
AMBER 9.0 program (Tables S1 and S2 in the Supporting Information).
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