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ABSTRACT: Vancomycin is a potent and broad-spectrum
antibiotic that binds to the D-Ala-D-Ala moiety of the growing
bacterial cell wall and kills bacteria. This fascinating binding model
prompted us to design and synthesize D-Ala-D-Ala silica gels for the
establishment of a new physicochemical (PC) screening method.
In this report, we confirmed that vancomycin binds to D-Ala-D-Ala
silica gel and can be eluted with MeOH containing 50 mM TFA.
Finally, D-Ala-D-Ala silica gel enables to purify vancomycin from
the culture broth of a vancomycin-producing strain, Amycolatopsis
orientalis.

■ INTRODUCTION
Many valuable and useful natural products have been isolated
from microorganisms since the discovery of penicillin, and we
have put numerous efforts into discovering secondary
metabolites produced by microorganisms to discover new
drug candidates.1 In general, bioassay-guided fractionation
(BGF) has been well-known as an approach to purify bioactive
compounds.2 However, the discovery of new compounds has
gradually decreased due to the repurification of known
compounds.3 In order to discover new compounds efficiently,
we have focused on a physicochemical (PC) screening method,
which is based on the physicochemical properties using
spectral analyses such as UV and MS, as well as color
reactions.3 As a result of PC screening, we have identified
novel natural products.3 The most notable example from these
efforts is staurosporine,4 which has been identified as a pan
protein kinase inhibitor.5 From this finding, staurosporine was
derivatized to midostaurin,6 which has been approved by the
United States Food and Drug Administration (FDA).7

The relationship between the development of new anti-
biotics and the emergence of drug-resistant bacteria is a cat-
and-mouse game. In contrast, vancomycin, isolated in 1957, is
one of the oldest antibiotics in clinical use, being used for more
than 60 years as a drug of the last resort.8 The long-term
clinical use of vancomycin would be due to its unique
molecular target, contributing to its efficacy as a broad-
spectrum antibiotic. Vancomycin binds to the D-Ala-D-Ala
moiety of the growing bacterial cell wall (Figure 1).9 After
binding, it prevents the cell wall from forming cross-linking via
transpeptidation. We envisioned that ligand binding affinity
with the D-Ala-D-Ala moiety would be utilized for column

chromatography to establish a binding mode-based PC
screening that enables the discovery of new broad-spectrum
antibiotics such as vancomycin.
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Figure 1. Binding model of vancomycin to the D-Ala-D-Ala terminus
of bacteria.
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In this study, we designed and synthesized D-Ala-D-Ala silica
gel enabling purification of vancomycin from the culture broth
of a vancomycin-producing strain, A. orientalis NBRC 12806,
and showed the utility of our binding mode-based PC
screening for the discovery of new broad-spectrum antibiotics.

■ RESULTS AND DISCUSSION
Design and Synthesis of D-Ala-D-Ala Silica Gel. We

chose NH-silica gel for D-Ala-D-Ala silica gel because
immobilization of a D-Ala-D-Ala derivative would proceed
under relatively mild conditions. D-Ala-D-Ala silica gel (1) was
designed as shown in Scheme 1. D-Ala-D-Ala silica gel (1)
would be synthesized by deprotection of the carboxylic acid
group of 2. Immobilization of D-Ala-D-Ala derivative 4 and
NH-silica gel 3 progressed via N-alkylation. D-Ala-D-Ala
derivative 410 would be obtained by amidation with bromo
acetic acid (5) from known compound 6.11 Our synthesis
commenced with amidation of 6 with 5 using the peptide
coupling condition (Scheme 2). Immobilization of 4 to amino
silica gel 3 was accomplished under reflux conditions. Final
deprotection of the carboxylic acid group was carried out using
TFA to afford desired product 1.
Validation of D-Ala-D-Ala Silica Gel Methodology.

With D-Ala-D-Ala silica gel (1) in hand, we verified whether
vancomycin would elute after binding to the D-Ala-D-Ala
moiety. We prepared a 0.1 mg/mL solution of vancomycin and
loaded the solution on a column filled with D-Ala-D-Ala silica
gel and screened eluents. We attempted to elute vancomycin
with water, MeOH, and 50 mM TFA in MeOH. After
collecting fractions for the various eluents, we tested the
antibacterial activity of each fraction against methicillin-
resistant Staphylococcus aureus (MRSA) by a paper disk

method (Table 1). The 50 mM TFA in MeOH fractions
exhibited antibacterial activity, while the fractions from H2O

and MeOH eluents did not. This result indicates that
vancomycin binds to 1 and can be eluted with MeOH
containing 50 mM TFA and prompted us to validate the utility
of 1 using the culture broth of a vancomycin-producing strain,
A. orientalis NBRC 12806. According to the literature of the
production of vancomycin fromA. orientalis,12 we tried to make
a vancomycin containing broth with minor modification.
Unfortunately, no production of vancomycin was observed,
and we screened culture conditions using a “one strain many
compounds” (OSMAC) approach.13 As a result of optimiza-
tions, we found the two media (glycerol-molasses medium (A)
and dextrin-soybean meal medium (B)) for vancomycin
production and chose the media that did not produce
vancomycin (C), as a negative control. With three broths in
hand, we conducted purification of vancomycin using 1 and
collected each fraction to evaluate anti-MRSA activity by a
paper disk method. To our delight, the fraction of 50 mM TFA
in MeOH from (A) and (B) broths showed a zone of
inhibition bigger than that of cultured broths, indicating that
vancomycin is successfully purified by 1 and concentrated at
the fractions (Table 2). Furthermore, we carried out LC-MS
analysis of each fraction (Figures 2 and 3), with the desired

Scheme 1. Design of D-Ala-D-Ala Silica Gel (1)

Scheme 2. Synthesis of D-Ala-D-Ala Silica Gel (1)

Table 1. Anti-MRSA Activity of Each Fractiona

fraction
flow

through H2O MeOH
50 mM TFA in

MeOH
VCM
3 μg

inhibition zone
diameter (mm)

− − − 7.6 10.6

aVCM: Vancomycin hydrochloride. −: No inhibition.
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vancomycin peak being detected at 4.9 min (m/z = 1448.44
[M + H]+) (Figure 2). Predictably, the vancomycin peak was
observed in the fraction of 50 mM TFA in MeOH from
production medium A but not the other fractions (Figure 3b−
e). These results show that D-Ala-D-Ala silica gel is an
innovative new binding mode-based PC screening method for
the discovery of new broad-spectrum antibiotics.

■ CONCLUSIONS
The binding model of vancomycin to the bacterial D-Ala-D-Ala
moiety inspired us to design and synthesize D-Ala-D-Ala silica
gels for the establishment of a new PC screening method. We
confirmed that vancomycin binds to 1 and can be eluted with
50 mM TFA in MeOH. Furthermore, D-Ala-D-Ala silica gel
enable to purify vancomycin from the culture broth of a
vancomycin-producing strain, A. orientalis NBRC 12806,
showing the utility of this approach as a binding mode-based
PC screening method. We are currently screening new
bioactive compounds by using this system. The results will
be reported in due course.

■ EXPERIMENTAL SECTION
General Experimental Procedures. High- and low-

resolution mass spectra were measured using an AB Sciex
Triple TOFTM 5600+ LC-MS/MS Systems (AB Sciex,
Framingham, MA, USA) and carbon content of immobilized
silica gel was measured with elemental analysis by the
combustion method using Vario EL III (Elementar,
Langenselbold, Germany).
Fermentation. One loop of mycelia from a slant of A.

orientalis NBRC 12806 was inoculated into a test tube
containing 10 mL of a seed culture medium (0.1% glucose,
2.4% starch, 3.0% peptone, 0.3% meat extract, 0.5% yeast
extract, and 0.4% CaCO3, pH 7.0). The test tube was
incubated on a rotary shaker (300 rpm) at 27 °C for 3 days to
give a seed culture. One-hundred microliters of the seed
culture was inoculated into culture test tubes containing 10 mL
of each production medium [glycerol-molasses medium (2.0%
glycerol, 0.1% CaCO3, 1.0% molasses, 0.5% casein, 0.1%
hipolypepton) and dextrin-soybean meal medium (2.0%
dextrin, 0.2% glucose, 1.5% soybean meal, 0.3% yeast extract,
0.3% CaCO3)]. Fermentation was carried out on a shaker (300
rpm) at 27 °C for 6 days.
Synthesis of 4.10 To a solution of hydrochloride salts 6

(16.1 g, 50.0 mmol) and 5 (7.0 g, 50.0 mmol) in DMF (400
mL) were added triethylamine (TEA) (7.0 mL, 50.0 mmol), 1-
(3-(dimethylamino)propyl)-3-ethylcarbodiimide hydrochlor-
ide (EDC) (10.5 g, 55.0 mmol), and 1-hydroxybenzotriazole
monohydrate (HOBt) (8.4 g, 55.0 mmol) at 0 °C. The
reaction mixture was allowed to warm to rt. After stirring for
12 h, the organic solvent was removed under reduced pressure.
The residue was dissolved in CHCl3 and washed with 5%
NaHCO3 aq, 1 N HCl aq, and water. The organic phase was
dried over Na2SO4 and concentrated under reduced pressure
to afford 4 (13.83 g, 82% yield).

Table 2. Anti-MRSA Activity of Each Fraction in Production
Media A, B, and Ca

inhibition zone diameter (mm)

production
medium

amount
(μL/
disk)

cultured
broth

flow
through H2O MeOH

50 mM
TFA in
MeOH

A 10 8.0 − − − 9.8
B 10 7.0 − − − 8.0
C 10 − − − − −
VCM (0.3
mg/mL
aq.)

10 11.5

aVCM: Vancomycin hydrochloride. −: No inhibition.

Figure 2. LC-MS chart of vancomycin 0.1 mg/mL aq.
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Figure 3. LC-MS chart of A. orientalis NBRC 12806 medium A cultured broth and each fraction from D-Ala-D-Ala silica gel. Vancomycin was
detected at 4.9 min (m/z = 1448.44 [M + H]+). (a) Cultured both; (b) Flow through fraction; (c) H2O fraction; (d) MeOH fraction; (e) 50 mM
TFA in MeOH fraction.
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Synthesis of 2. To a suspension of NH-silica (Chromator-
ex NH MB100-75/200, Fuji Silysia Chemical Ltd.) 3 (115.0 g)
in THF (500 mL) was added 4 (11.6 g, 35.0 mmol) at rt. The
reaction mixture was refluxed. After stirring for 12 h, the
reaction mixture was cooled to rt and filtered. The filter cake
was washed with THF and MeOH and dried under reduced
pressure to afford 2 (C%, increase amount rate of 3%,
modification amount of 211 mmol/g), which was treated with
acetic anhydride to protect unreacted amino groups. To a
solution of 2 (120 g) in DMF (300 mL) was added acetic
anhydride (150 mL) at rt. After the mixture was stirred for 2 h,
the reaction mixture was filtered. The filter cake was washed
with MeOH and dried under reduced pressure. This process
was done twice.
Synthesis of 1. To a solution of acetylated 2 in CHCl3 (90

mL) was added TFA (270 mL) at rt. After being stirred for 5 h,
the reaction mixture was filtered. The filter cake was washed
with THF and MeOH. The residue was dissolved in 5%
NaHCO3 and filtered again. The filter cake was washed with
0.5 N HCl and water. The residue was dried under reduced
pressure to afford 1 (C%, decrease amount rate 1%,
modification amount 210 mmol/g).
Vancomycin Purification using D-Ala-D-Ala Silica Gel.

D-Ala-D-Ala silica gel of 0.3 g in a syringe (13 mm i.d. × 10
mm) was swelled with MeOH and then equilibrated with
Milli-Q. The 0.1 mg/mL vancomycin solution and each
production broth supernatant of 1 mL were loaded on the
equilibrated D-Ala-D-Ala silica gel column. Vancomycin bound
to the column was sequentially eluted with Milli-Q, MeOH,
and 50 mM TFA in MeOH of 4 mL each. The flow through
fraction, the water, the MeOH, and the 50 mM TFA in MeOH
fractions were collected and used in the antimicrobial activity
assay.
Antimicrobial Activity. The antimicrobial activity against

S. aureus ATCC 43300 was determined using the paper disk
method (6 mm disc from Advantec Co., Ltd., Tokyo, Japan).
Sterile filter discs impregnated with compound solutions were
placed on agar plates, and the plates were incubated. After
incubation, inhibitory zones were determined. Culture
conditions were as follows: 3.8% Mueller Hinton II agar
(Becton Dickinson Co., Japan), 1.0% inoculation, 37 °C, 16 h.
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