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Quercetin 7-O-glutamate sensitizes Escherichia coli to vancomycin
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Abstract We have reported previously that conjugation of

glutamic acid at the 7-O position of quercetin could sig-

nificantly enhance its biological activity. In this study, as a

part of our ongoing efforts to investigate the therapeutic

potential of this novel quercetin–glutamate conjugate (1),

we evaluated the effect of its combination with van-

comycin against Gram-negative Escherichia coli, which

are not normally affected by vancomycin alone. Quercetin

conjugate 1 was shown to potentiate the antibacterial

activity of vancomycin against E. coli, which could be

attributed to its membrane perturbation activity, but not to

facilitation of the efflux pump-mediated penetration of

vancomycin.
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Introduction

Quercetin (Fig. 1), a representative flavonoid found in

many plants including apples, peppers, grape skins, and red

onions, is characterized by various health-promoting

effects such as anti-proliferative, anti-inflammatory,

antiviral, and antibacterial effects (Bischoff 2008). How-

ever, quercetin is also well known for its chemical and

metabolic instability, which limits its therapeutic use. We

have reported previously that the introduction of a func-

tional promoiety to the phenolic hydroxyl group of quer-

cetin results in its protection from chemical breakdown and

metabolic changes (Kim et al. 2009, 2010, 2012; Cho et al.

2013; Kim et al. 2014, 2015). In particular, conjugation of

glutamic acid at the 7-O position of quercetin provided the

resulting quercetin conjugate, Q-7-O-Glu (1) (Fig. 1), with

a significantly higher biological activity than quercetin

(Kim et al. 2014).

Based on the various pharmacological activities of

quercetin, it was naturally anticipated that Q-7-O-Glu (1)

might also exhibit a wide range of biological activities,

which spurred extensive investigation around the thera-

peutic uses of this novel quercetin conjugate. In this study,

we exploited the ability of quercetin to increase the per-

meability of the bacterial membrane (Siriwong et al. 2016),

which would sensitize Gram-negative bacteria to large

antibiotics such as vancomycin.

Vancomycin is famous for its antibiotic activity against

methicillin-resistant Staphylococcus aureus (MRSA),

which makes it a valuable asset in the endless battle against

drug-resistant pathogens. However, vancomycin is not

active against Gram-negative bacteria because of their

characteristic outer membrane, which works as an effective

barrier against this large antibacterial glycopeptide

(Nikaido 2003). Considering global health threats imposed

by the lack of treatment options for Gram-negative bacteria

that are resistant to a wide spectrum of antibiotics, devel-

opment of novel compounds effective against those bac-

teria is highly imperative. Nevertheless, insufficient

understanding of the outer membrane permeability has
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hampered the campaign of novel drug discovery. Instead,

significant efforts have been made to render Gram-negative

bacteria susceptible to other clinically useful antibiotics

including vancomycin (Bolla et al. 2011).

Since the impermeability of the bacterial outer mem-

brane to vancomycin is the key factor for its lack of

antibiotic activity against Gram-negative bacteria, the most

straightforward way to solve this problem is to disrupt the

bacterial membrane. Recently, Stokes et al. reported that

the Gram-negative bacteria, E. coli, became susceptible to

vancomycin through altering its outer membrane integrity

by cold stress (Stokes et al. 2016). However, chemical

entities with membrane-disrupting properties have rarely

been reported. Quercetin is one of the membrane perme-

abilizers known to interact with bacterial membranes

(Siriwong et al. 2016). However, the effect of a combina-

tion of quercetin and vancomycin against Gram-negative

bacterial infections has not been reported. Therefore, in this

study, we attempted to sensitize the Gram-negative bacte-

ria, E. coli, to vancomycin by combining it with quercetin

or its glutamate conjugate 1.

Materials and methods

Chemicals

Quercetin 7-O-glutamate (Q-7-O-Glu, 1) was prepared

according to a previously reported method (Kim et al.

2014), and vancomycin hydrochloride hydrate was pur-

chased from Sigma-Aldrich.

Bacterial strains

Wild-type E. coli strain MG1655 and its deletion

mutants—DacrB (DB) and DtolC (DC)—were obtained

from the Coli Genetic Stock Center (CGSC) at Yale

University.

Antibiotic susceptibility testing

A broth dilution method was used to determine the

antimicrobial susceptibility of wild-type (MG1655) and

mutant (DacrB and DtolC) E. coli strains in Muller-Hinton

broth to vancomycin in the absence and presence of

quercetin conjugate (1). Antimicrobial susceptibility tests

of wild-type and mutant E. coli strains to a combination of

quercetin (256 lg/mL) or 1 (256 lg/mL) and six serial

dilutions of vancomycin (512 lg/mL) were performed.

Results and discussion

First, antibacterial activities of vancomycin, quercetin, and

1 were evaluated in wild-type E. coli MG1655. In this

strain, neither quercetin nor 1 was found to have bacteri-

cidal activity up to a concentration of 512 lg/mL (data not

shown). On the other hand, as shown by Zhou et al. (2015),

Gram-negative bacteria were not totally insensitive to

vancomycin, as they were susceptible to high concentra-

tions (Fig. 2). The weak bactericidal effect of vancomycin

against wild-type E. coli MG1655 was observed at con-

centrations of 256 lg/mL and higher, while its minimum

inhibitory concentration (MIC) for wild-type E. coli was

higher than 512 lg/mL (VAN, Fig. 2). Combination of

Fig. 1 Structures of quercetin

(Q) and its 7-O-glutamate

conjugate (Q-7-O-Glu, 1)

Fig. 2 Antibacterial activity of vancomycin (VAN) alone and

vancomycin in combination with quercetin (VAN ? Q) or Q-7-O-

Glu (VAN ? 1) (256 lg/mL) against wild-type E. coli MG1655
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vancomycin with 256 lg/mL of quercetin (VAN ? Q,

Fig. 2) did not result in a significant change in MIC of

vancomycin. In contrast, the wild-type E. coli strain

became more susceptible to vancomycin upon addition of

Q-7-O-Glu (1) (256 lg/mL), and the MIC of vancomycin

decreased to 128 lg/mL (VAN ? 1, Fig. 2). Therefore, as

initially proposed, combination with 1 potentiated the

antibacterial activity of vancomycin against E. coli, which

might be attributed to perturbation of the outer bacterial

membrane mediated by 1.

On the other hand, vancomycin is also known to slip

through an AcrAB–TolC system, a representative mul-

tidrug efflux pump of E. coli (Weeks et al. 2010; Krish-

namoorthy et al. 2013), to accumulate inside the bacteria.

Therefore, facilitation of efflux pump-mediated influx of

vancomycin could be proposed as another mechanism of

vancomycin potentiation, also mediated by 1. According to

this mechanism, defection of efflux pumps could lead to

the abrogation of vancomycin-potentiating effect of 1. In

order to prove this hypothesis, we obtained E. coli strains

lacking the key components of the AcrAB–TolC efflux

pump, AcrB (DB) and TolC (DC), and evaluated their

susceptibility to vancomycin (Fig. 3).

Compared with the wild-type E. coli (Fig. 2A), E. coli

DB (Fig. 3A) and DC (Fig. 3B) strains did not show a

decrease in susceptibility to vancomycin, which suggests

that the efflux pump components AcrB and TolC are not

related to penetration of vancomycin through bacterial cell

membranes. Moreover, the E. coli DC strain was more

sensitive than the wild-type E. coli to vancomycin

(Fig. 3B), and this result indicates that TolC might be

working as a barrier rather than a channel for intracellular

accumulation of vancomycin. The differences between the

vancomycin susceptibilities of these two mutant strains

were abolished upon co-administration of vancomycin with

1 (256 mg/mL), and they became equally susceptible to

vancomycin with an MIC of 128 lg/mL (Fig. 3A, B).

Therefore, these results suggested that the vancomycin

potentiation effect of 1 can hardly be attributed to facili-

tating penetration of vancomycin through the AcrB–TolC

efflux pump of the Gram-negative bacteria.

Taken together, we have shown that the quercetin–glu-

tamate conjugate 1 could potentiate the antibacterial

activity of the large glycopeptide, vancomycin, against the

Gram-negative bacteria, E. coli. The vancomycin potenti-

ation activity of 1 could be attributed to the membrane

perturbation activity, but not to facilitation of the efflux

pump-mediated penetration of vancomycin. The detailed

study of the mechanism by which 1 potentiates the activity

of vancomycin against Gram-negative bacteria is underway

and it will be reported in due course.
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