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ABSTRACT: We show here that a series of triazolyl
glycolipid derivatives modularly synthesized by a “click”
reaction have the ability to increase the susceptibility of a
drug-resistant bacterium to β-lactam antibiotics. We determine
that the glycolipids can suppress the minimal inhibitory
concentration of a number of ineffective β-lactams, upward of
256-fold, for methicillin-resistant Staphylococuss aureus
(MRSA). The mechanism of action has been preliminarily
probed and discussed.
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The rapid development of drug-resistant superbacteria has
posed an immense threat to patients clinically. For

instance, methicillin-resistant Staphylococuss aureus (MRSA)
accounts for 60−70% of S. aureus infections in hospitals and
causes the highest number of invasive infections among all
antibiotic-resistant bacteria.1−3 According to the report of the
U.S. Centers for Disease Control and Prevention, invasive
infection of MRSA had a fatality rate of 14% in 2011. In
particular, the increasing prevalence of community-acquired
MRSA infection has extended an even greater danger to the
public.4 Unfortunately, the development of new antibiotics has
failed to keep pace with the development of drug-resistance
over the past few decades.5,6 As a consequence, use of
antimicrobial drug combinations has been viewed as a critical
strategy to combat multidrug resistant pathogens.7

To date, β-lactam antibiotics are the most commonly used
drugs in the treatment of various bacterial infections, but the
vast majority of them have been no longer effective in treating
MRSA infection.8 This is largely because of the specific
resistance mechanisms that MRSA develops against β-lactam
antibiotics.9 For example, the main antibacterial mechanism of
β-lactams is to associate with the penicillin binding proteins
(PBPs) that are responsible for peptidoglycan crossing and cell
wall synthesis.10 The binding may result in blockage of the cell
wall synthesis, leading to growth inhibition or cell lysis.
However, to resist the drugs, penicillin binding protein 2a
(PBP2a) is overexpressed by MRSA beyond the PBPs.11

Because of the low binding affinity between PBP2a (encoded

by the gene mecA)12 and β-lactams, the cell wall synthesis can
be renewed. This protein thereby acts as an effective equipment
of the superbacterium to prevent the attack from β-lactams.
As a consequence, alternative strategies to develop new

adjuvant agents that restore the drug-susceptibility of super-
bacteria are highly desirable. Instead of simply inhibiting
bacteria growth, tactics that impart conventional antibiotics
with a refreshed ability to kill MRSA have been believed to be
more practical for treating infection clinically.13,14

We show here that series of modularly synthesized glycolipid
derivatives can increase the susceptibility of the drug-resistant
superbacterium, MRSA (both ATCC and clinical), to a panel of
β-lactam antibiotics (Figure 1a). Glycolipids represent a pivotal
class of cell-surface components that participate in diverse
cellular events. Recent investigations suggest that both natural
and synthetic glycolipids could be potential drug candidates
with antiviral,15−17 anticancer,18−20 as well as antimicrobial
activities.21−24 However, the glycolipids identified as antimicro-
bial compounds have insufficient activity for killing even drug-
sensitive bacteria.21−24 Here, we have prepared three series of
glycolipids by a click chemistry, and we determined that they
have a strong ability to lower the minimal inhibitory
concentration (MIC) of a number of conventional β-lactams,
upward of 256-fold, for both ATCC and clinical MRSA strains.
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Click chemistry has been widely used for the construction of
bioactive compound libraries due to its modularity and
conciseness in manipulation.25,26 In the present study, azido
β-D-glucoside,27 β-D-galactoside,27 and β-D-mannoside28 were
used to couple with alkynyl lipids with increasing chain length
(C6, C8, C12, C14, C16, and C18) by the Cu(I)-catalyzed
azide−alkyne 1,3-dipolar cycloaddition click reaction (Scheme
S1).29−31 A subsequent deacylation produced three series of
“clicked” (triazole-linked) glycolipid derivatives with different
glycosyl moieties in conjugation with length-varied lipid chains
in high yields (Figure 1b). The raw lipid alcohols L6−18 and
glucolipids GlcO14 and GlcO16 without the “click”
modification were used as control compounds (Figure 1b).
With the compounds in hand, their antimicrobial activity was

tested using the CLSI (clinical and laboratory standards
institute) broth protocol (a representative image is shown in
Figure S1). We first determined that the glyclipids alone
showed weak antimicrobial effect with MIC of around 256 μg
mL−1 against a MRSA ATCC43300. In contrast, while used in
combination with oxacillin that is resistant by MRSA (MIC =
64−128 μg mL−1, Table 1), five glycolipid derivatives (25%
MIC) showed an evident synergistic effect, lowering the
oxacillin MIC by 16- to 256-fold (Table 1). We note that the
glycolipids with relatively longer lipid chain lengths (C12−16)
showed better synergistic effect than those with shorter chains
(C6−10). The glycosyl type of the compounds also impacted
the synergy. For example, while Glc12/Man12 and Glc14/

Gal14 were active, the corresponding isomers Gal12 and
Man14 did not show a comparable activity.
Glc12 with the best synergistic effect was selected for

additional experiments. Notably, the unmodified lipid alcohols
L6−18 and control glucolipids GlcO14 and GlcO16 without
the triazole ring (Figure 1b) did not show an evident synergistic
effect when used in combination with oxacillin for MRSA
(Table 2). We also determined that the critical micelle

concentrations (CMCs) of Glc12 and GlcO14 were 43 and
60 μM, respectively (Figure S2). These values are smaller than
their concentrations used for killing MRSA (85 and 74 μM for
Glc12 and GlcO14, respectively). This probably suggests the
formation of micelles of both glycolipids, which might facilitate
the encapsulation of the antibiotic, enhancing the internal-
ization of the drug.32 Moreover, with a concentration above its
MIC (141 μM), a non-carbohydrate amphiphile L12 (the lipid
starting material of Glc12) showed much weaker synergistic
effect than Glc12. These results suggest that the CuAAC
modification forming the triazolyl glycolipids is essential for the
activity. The suppression growth of Glc12 for two mammalian
cell lines (human kidney cell line HEK293 and mouse embryo
fibroblast MEF) was tested using an MTS cell-counting assay.
The results showed that the glycolipid was not toxic to both cell
lines (Figure S3).
The synergy of Glc12 with oxacillin against MRSA

ATCC43300 was evaluated by an Epsilometer test. While
oxacillin alone did not produce an evident inhibitive effect
against the bacterial strain, the combination of the glycolipid
enlarged remarkably the inhibition zone (Figure 2a). In the
meanwhile, a time-kill assay was carried out. The presence of 2
mg mL−1 oxacillin or 32 mg mL−1 glycolipid alone caused slight
growth suppression of MRSA, which is similar to that of control

Figure 1. (a) Cartoon depicting the synergistic effect of the combined
triazolyl glycolipid derivatives and β-lactam antibiotics to kill drug-
resistant bacteria (PBP and PBP2a are penicillin binding proteins and
penicillin binding proteins 2a, respectively). (b) Synthetic scheme of
the glycolipids synthesized by a click reaction. Reagents and
conditions: (I) CuSO4·5H2O, Na ascorbate in CH2Cl2/MeOH; (II)
NH3·H2O, MeOH.

Table 1. MICs of Oxacillin Alone and Used in Combination
with Triazolyl Glycolipids against MRSA ATCC43300

compd
MIC (μg mL−1,

alone)
MIC (μg mL−1,
combined)a

fold of
reduction

Oxacillin 64−128
Glc12 256 1−2 128−256
Glc14 256 4 64
Gal14 256 8 32
Gal16 256 16 16
Man12 256 4 64

aOxacillin combined with 32 μg mL−1 glycolipid.

Table 2. MICs of Oxacillin Alone and Used in Combination
with Triazolyl Glycolipids against MRSA ATCC43300

compd MIC (μg mL−1, alone) MIC (μg mL−1, combined)a

Oxacillin 64−128
L6 >256 >32
L8 >256 >32
L10 >256 >32
L12 >256 32
L14 >256 >32
L16 >256 32
L18 >256 >32
GlcO14 >256 >32
GlcO16 >256 >32
Glc12 256 1−2

aOxacillin combined with 32 μg mL−1 glycolipid.
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(Figure 2b). In contrast, the combination of both inhibited
significantly the bacteria growth, and the maximum killing rate
was reached within 6 h of cultivation.
Next, the synergy of Glc12 in combination with a range of β-

lactam antibiotics used clinically was tested against MRSA
ATCC43300 using the checkerboard method. To our delight,
the presence of Glc12 lowered the MIC of all the antibiotics
used by up to 256-fold (Table S1). This suggests that the
triazolyl glycolipid has the ability to restore the susceptibility of
MRSA over a wide spectrum of β-lactams.
With the above promising observations, we sought to probe

preliminarily the mechanism of action underlying the synergy.
Since the expression of PBP2a represents the major mechanism
by which MRSA resists β-lactam antibiotics, we analyzed the
expression level of the PBP2a-coding gene, mecA, by MRSA
ATCC43300 in the absence and presence of oxacillin and/or
Glc12 using quantitative real-time PCR. The result suggested
that mecA expression can be sharply enhanced by oxacillin, but
not Glc12 alone (Figure 3a). Interestingly, the combination of
both evidently lowered the gene expression, suggesting that the
synergistic mechanism is likely related to the suppression of
PBP2a.
Considering that oxacillin can interfere with the cell wall

synthesis, scanning electron microscopy (SEM) was used to
visualize the outer surface change of MRSA in the presence of
the compounds. While the cell surface in the presence of
oxacillin or Glc12 alone did not change obviously compared
with that of control, the combined use of the two compounds
produced a much rougher bacterial surface on which evident
secretions were observed (Figure 3b). By a HPLC analysis we
further observed that intracellular Glc12 increased while
oxacillin was present (Figure S4). This implies that the
presence of oxacillin may facilitate the cell permeability (likely

by binding to the PBPs, loosening the cell wall) of triazolyl
glycolilpids that might thereby hamper the expression of PBP2a
and/or activate additional signaling pathways within the cell,
restoring the activity of the drug.
Eventually, we tested the synergistic effect of Glc12 in

combination with oxacillin against a panel of clinical isolates of
MRSA. We observed that the MIC of the antibiotic could be
lowered for 10 out of 12 clinical isolates by up to 64-fold (Table
3), which suggests the practicality of the clicked glycolipid for
clinical samples.
In summary, we have unraveled that series of “clicked”

triazolyl glycolipid derivatives have the ability to disarm a
superbacterium, MRSA, in combination with a wide spectrum
of β-lactam antibiotics used clinically. Importantly, the
synergistic effect was observed over a panel of clinical isolates
of MRSA. The triazole ring was determined to play a crucial
role to increase the susceptibility of MRSA for antibiotic drugs
since other control amphiphiles without the triazole did not
show an evident synergistic effect. While triazoles have long
been used as antifungal agents,33 we have disclosed here that
triazolyl glycolipids may also be potential adjuvants for
restoring the antibiotic susceptibility of superbacteria. We
note that similar observations have been reported by Melander
and colleagues, but with different 1,4-disubstituted triazole
structures.13,14,34 The synergistic mechanism was preliminarily
probed and suggested to be correlated with, but probably not
limited to, a typical PBP2a suppression pathway. The

Figure 2. (a) Epsilometer test of the antimicrobial activity of oxacillin
alone (2 μg mL−1) and used in combination with 32 μg mL−1 Glc12
against MRSA ATCC43300. (b) Time-kill curve established for
oxacilline, Glc12, and the combination against MRSA ATCC43300.

Figure 3. (a) RT PCR analysis and (b) scanning electronic
microscope imaging of MRSA ATCC43300 in the absence and
presence of oxacillin (2 μg mL−1) or Glc12 (32 μg mL−1) alone and
the combination (***P < 0.05). All experiments were performed at
least three times. Statistical analysis was performed with t tests. Error
bars show the standard error of the mean.
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elaboration of the exact mechanism of action and structural
optimization is currently underway.
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