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ABSTRACT: Microbicides with distinct antibacterial mechanisms show
potential to combat multi-drug resistance bacteria. We herein report
peptidoglycan-directed chemical ligation (PGCL) between alkyne-bearing
vancomycin and an azide-tagged cationic polymer. The former binds
peptidoglycan and inhibits peptidoglycan crosslinking, while the latter
interferes the integrity of the bacterial membrane. PGCL results in
enhanced bactericidal activity against Gram-positive Staphylococcus aureus
(S. aureus) over Gram-negative Escherichia coli (E. coli). These data
indicate the potential of PGCL to selectively and synergistically inhibit
Gram-positive pathogens via dual modality antibacterial mechanisms of
peptidoglycan-inhibiting antibiotics and bacterial membrane-disrupting
polycations.

■ INTRODUCTION
Pathogenic bacteria such as Staphylococcus aureus cause diverse
diseases including wound infection1,2 and otitis media.3−5

Antibiotics exhibit defined mechanisms to inhibit bacterial
survival. For instance, vancomycin binds the D-alanyl-D-alanine
(D-ala-D-ala) terminal of the pentapeptide and thus blocks
peptidoglycan crosslinking.6−10 Vancomycin was once re-
garded as the last line against drug-resistant Gram-positive
bacteria.11−13 However, high frequency use of antibiotics yields
drug resistance. In this context, various vancomycin derivatives
have been developed against vancomycin-resistance bacte-
ria6,14−22 Given the rise of drug-resistance S. aureus and other
bacteria, there is an urgent need for new antibacterial
approaches alternative to classical antibiotics.23,24

Cationic materials exhibit bactericidal effects on both Gram-
positive and Gram-negative bacteria.25−27 These polycations
electrostatically bind to the negatively charged bacterial
membrane, leading to decomposition of the cell membrane
and bacterial death.28−30 Given the broad spectrum microbial
nature, polycations that could be exploited to selectively inhibit
pathogenic bacteria are potential tools against drug-resistant
bacteria. In addition, approaches that allows selective ablation
of Gram-positive bacteria while sparing Gram-negative bacteria
are of significance in diverse clinical settings including S. aureus
and Enterococcus faecalis.31−35

On the basis of these considerations, we sought to combine
vancomycin with polycationic materials to selectively inhibit
Gram-positive bacteria via distinct antibacterial mechanisms.
This is operated with the use of dibenzocyclooctyne (DBCO)-
tagged vancomycin (DBCOVan) that binds to peptidoglycan and
an azide-tagged polymeric quandary amine (AzPolyQa).

Binding of DBCOVan and AzPolyQa on peptidoglycan enables
stain-promoted azide−alkyne cycloaddition (SPAAC) between
AzPolyQa and DBCOVan (Figures 1 and 2). Compared to
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Figure 1. Schematic for PGCL synergistic antibacterial activity on
Gram-positive bacteria over Gram-negative bacteria.
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AzPolyQa and DBCOVan alone, peptidoglycan-directed chemical
ligation (PGCL) gave rise to synergistic inhibitory effects on
Gram-positive S. aureus over Gram-negative Escherichiacoli.

■ RESULTS AND DISCUSSION
To achieve PGCL, we first synthesized DBCOVan, which
contains a domain of vancomycin with high affinity to D-ala-
D-ala in peptidoglycan and a domain of DBCO for
bioorthogonal conjugation with azide-containing polycations
(Scheme S1, Supporting Information). As cationic materials
containing quaternary ammonium have been well-documented
to disrupt the bacterial membrane and induce bacterial death,

we thus prepared AzPolyQa by RAFT36,37 with 12 repeating
units of quaternary ammonium, terminal azide, and a
rhodamine entity to trace its binding to the bacterial surface.
We examined an in vitro reaction between DBCOVan with
AzPolyQa. Formation of DBCOVan-AzPolyQa, the adduct of
DBCOVan and AzPolyQa, was confirmed by liquid chromatog-
raphy and mass spectroscopy (Figure S1A,B, Supporting
Information), showing the reaction of DBCOVan with AzPolyQa
in vitro. This is consistent with SPAAC as proposed in Figure
1.

We then examined binding of DBCOVan to peptidoglycan by
treating S. aureus with DBCOVan or vancomycin. Both bacterial

Figure 2. In vitro SPAAC of DBCOVan with AzPolyQa.
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samples were washed and then incubated with 5-azidofluor-
escein (FLU-N3). We observed bright fluorescence in bacteria
stained with DBCOVan/FLU-N3, whereas no fluorescence could
be observed on vancomycin+/FLU-N3

+ bacteria (Figure 3B,C).
As FLU-N3 readily reacts with DBCOVan by SPAAC (Figures
3A and S2A, Supporting Information), these results showed
that DBCOVan could bind to the cell surface of S. aureus and
then undergo SPAAC with FLU-N3. E. coli prestained with
DBCOVanc/FLU-N3 exhibited null fluorescence (Figure 3D). As
Gram-positive S. aureus differs from Gram-negative E. coli in
exposure of peptidoglycan, the bright fluorescence identified
on S. aureus over E. coli in the presence of DBCOVan/FLU-N3

Figure 3. Binding of DBCOVan to S. aureus over E. coli. (A) In vitro SPAAC of DBCOVan with FLU-N3. (B) Schematic for fluorescence detection of
DBCOVan on peptidoglycan by SPAAC with FLU-N3. (C,D) Fluorescence detection of DBCOVan bound to S. aureus (C) over E. coli (D). S. aureus
and E. coli were incubated at 37 °C with vancomycin (25 μM) or DBCOVan (25 μM) for 1 h and then with FLU-N3 (50 μM) for 1 h. These cells
were washed and then visualized by confocal microscopy. Scale bars: 6 μm.

Table 1. MICs of Vancomycin, DBCOVan and AzPolyQa
against S. aureus and E. coli. S. aureus and E. coli Were
Incubated with Vancomycin (0.182−186 μg/mL), DBCOVan
(0.221−226 μg/mL), AzPolyQa (3.9−2000 μg/mL), or
DBCOVan-AzPolyQa (0.977−2000 μg/mL) for 18−24 h,
Respectively, and Then Analyzed for MICs

MICs (μg/mL) Vancomycin DBCOVan AzPolyQa DBCOVan-AzPolyQa

S. aureus 0.725 7.06 31.25 3.91
E. coli 186 >226 62.5 125
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showed that DBCOVan selectively binds to peptidoglycan, a
prerequisite for PGCL. We then treated S. aureus and E. coli

with AzPolyQa. This gave bright fluorescence in S. aureus,
whereas no fluorescence could be observed on E. coli (Figure

Figure 4. PGCL conferred synergistic bactericidal activity on S. aureus but not on E. coli. (A) Schematic for PGCL conferred antibacterial activity
on Gram-positive bacteria over Gram-negative bacteria. (B) PGCL decreased survival of S. aureus while being nontoxic to E. coli. S. aureus and E.
coli were treated with DBCOVan (3 μM), AzPolyQa (15 μg/mL), DBCOVan/AzPolyQa (PGCL) (3 μM and 15 μg/mL), DBCOVan/Azethanol (3 and 3
μM), or DBCOVan/Azethanol/AzPolyQa (nonPGCL) (3 μM, 3 μM, and 15 μg/mL) at 37 °C for 18 h. The diluted bacterial mixtures were spread on
a LB solid agar plate uniformly and then incubated for 18−24 h at 37 °C. (C) Statistic analysis on cytotoxicity of S. aureus treated with DBCOVan (3
μM), AzPolyQa (15 μg/mL), DBCOVan/AzPolyQa (PGCL) (3 μM and 15 μg/mL), DBCOVan/Azethanol (3 and 3 μM), or DBCOVa-
n/Azethanol/AzPolyQa (nonPGCL) (3 μM, 3 μM, and 15 μg/mL). Error bars represent standard deviations of data for three separate
measurements.
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S3, Supporting Information), showing that AzPolyQa prefer-
entially binds S. aureus.

Prior to determining whether PGCL could give synergistic
antibacterial effects, we assayed the cytotoxicity of DBCOVan
and AzPolyQa through minimum inhibitory concentrations
(MICs). DBCOVan exerted a pronounced inhibitory effect on S.
aureus (MICs = 4 μM) over E. coli (MICs = 128 μM) (Table
1). Compared to AzPolyQa, DBCOVan-AzPolyQa was more toxic
to S. aureus (MIC: 3.91 μg/mL) but showed less toxicity to E.
coli (MIC: 125 μg/mL) (Table 1). Albeit much less potent,
AzPolyQa exhibited similar levels of toxicity to S. aureus and E.
coli (MICs: 31.25 and 62.5 μg/mL, respectively) (Table 1). Of
note, DBCOVan, AzPolyQa, and DBCOVan‑AzPolyQa were largely
nontoxic to the mammalian cell line (Figure S4A−C,
Supporting Information). Next, PGCL was assessed using S.
aureus incubated with DBCOVan and AzPolyQa. In parallel, non-
PGCL was performed using DBCOVan+ S. aureus quenched with
2-azidoethanol (Azethanol) before exposure to AzPolyQa as
AzEthanol effectively reacts with DBCOVan to consume the
DBCO moiety (Figure S2B,C, Supporting Information). The
germicidal efficiency on these bacterial samples was evaluated
by the surface plating method by calculating the number of
colonies. It was revealed that PGCL gave rise to potent
antibacterial activity, as evidenced by dramatic decrease in
colony forming units relative to non-PGCL, control sample
free of treatment, and samples treated with AzPolyQa, or
DBCOVan either alone or pre-quenched with Azethanol (Figure
4A−C). Furthermore, such PGCL-conferred synergistic effects
was absent on E. coli treated with DBCOVan and AzPolyQa
(Figure 4B,C). These findings showed the PGCL-mediated
potent and selective antibacterial effect for Gram-positive S.
aureus over E. coli.

■ CONCLUSIONS
Approaches combining microbicides of distinct mechanisms to
give synergistic effects show potential to fight drug-resistant
bacteria. We herein report peptidoglycan-promoted chemical
ligation (PGCL) utilizing DBCO-tagged vancomycin
(DBCOVan) and polycationic AzPolyQa. Binding of DBCOVan
and AzPolyQa on peptidoglycan triggers PGCL via stain-
promoted azide−alkyne cycloaddition. Compared to AzPolyQa
and DBCOVan, each alone fails at killing bacteria at low doses,
and PGCL yields synergistic bactericidal effects on Gram-
positive S. aureus over Gram-negative E. coli. These findings
suggest the feasibility of peptidoglycan-confined chemical
ligation such as PGCL for selective ablation of Gram-positive
bacteria, indicating an alternative perspective against patho-
gens.

■ ASSOCIATED CONTENT

*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsomega.2c06964.

Synthesis of DBCOVan, AzPolyQa, and DBCOVa-
n-AzPolyQa; in vitro SPAAC of DBCOVan and FLU-N3,
DBCOVan, and Azethanol; determination of antimicrobial
activity (MIC assay); and determination of bactericidal
activity through chemical ligation of antibiotics on the
bacterial membrane (PDF)

■ AUTHOR INFORMATION
Corresponding Authors

Xinhui Su − PET center, Department of Nuclear Medicine,
The First Affiliated Hospital, College of Medicine, Zhejiang
University, Hangzhou 310027, China; Email: suxinhui@
zju.edu.cn

Shoufa Han − Department of Chemical Biology, College of
Chemistry and Chemical Engineering, State Key Laboratory
for Physical Chemistry of Solid Surfaces, State Key
Laboratory of Cellular Stress Biology, the Key Laboratory for
Chemical Biology of Fujian Province, and the MOE Key
Laboratory of Spectrochemical Analysis & Instrumentation,
Xiamen University, Xiamen 361005, China; orcid.org/
0000-0002-2057-0559; Email: shoufa@xmu.edu.cn

Authors
Feng Jiang − Department of Chemical Biology, College of

Chemistry and Chemical Engineering, State Key Laboratory
for Physical Chemistry of Solid Surfaces, State Key
Laboratory of Cellular Stress Biology, the Key Laboratory for
Chemical Biology of Fujian Province, and the MOE Key
Laboratory of Spectrochemical Analysis & Instrumentation,
Xiamen University, Xiamen 361005, China; orcid.org/
0000-0001-5461-5041

Chengteng Cai − Department of Chemical Biology, College of
Chemistry and Chemical Engineering, State Key Laboratory
for Physical Chemistry of Solid Surfaces, State Key
Laboratory of Cellular Stress Biology, the Key Laboratory for
Chemical Biology of Fujian Province, and the MOE Key
Laboratory of Spectrochemical Analysis & Instrumentation,
Xiamen University, Xiamen 361005, China

Lei Gao − Department of Chemical Biology, College of
Chemistry and Chemical Engineering, State Key Laboratory
for Physical Chemistry of Solid Surfaces, State Key
Laboratory of Cellular Stress Biology, the Key Laboratory for
Chemical Biology of Fujian Province, and the MOE Key
Laboratory of Spectrochemical Analysis & Instrumentation,
Xiamen University, Xiamen 361005, China

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsomega.2c06964

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This work was supported by grants from the NSFC (22177096
and 91854106), the National Natural Science Foundation of
China (NSFC) (82071965), and the Huadong Medicine Joint
Funds of the Zhejiang Provincial Natural Science Foundation
of China (LHDMZ22H300010).

■ REFERENCES
(1) Bessa, L. J.; Fazii, P.; Di Giulio, M.; Cellini, L. Bacterial isolates

from infected wounds and their antibiotic susceptibility pattern: some
remarks about wound infection. Int. Wound J. 2015, 12, 47−52.
(2) Mannava, S. V.; DeCou, J.; Watkins, D. J.; Crumb, T.;

Pardington, E.; Pennington, E. C. Paenibacillus wound infection in a
pediatric trauma patient. J. Pediatr. Surg. Case Rep. 2022, 76, 102127.
(3) Marom, T.; Nokso-Koivisto, J.; Chonmaitree, T. Viral−Bacterial

Interactions in Acute Otitis Media. Curr. Allergy Asthma Rep. 2012,
12, 551−558.
(4) Cripps, A. W.; Otczyk, D. C.; Kyd, J. M. Bacterial otitis media: a

vaccine preventable disease? Vaccine 2005, 23, 2304.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c06964
ACS Omega 2023, 8, 2485−2490

2489

https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c06964/suppl_file/ao2c06964_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c06964/suppl_file/ao2c06964_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c06964/suppl_file/ao2c06964_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06964?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c06964/suppl_file/ao2c06964_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xinhui+Su"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:suxinhui@zju.edu.cn
mailto:suxinhui@zju.edu.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shoufa+Han"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-2057-0559
https://orcid.org/0000-0002-2057-0559
mailto:shoufa@xmu.edu.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Feng+Jiang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-5461-5041
https://orcid.org/0000-0001-5461-5041
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chengteng+Cai"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lei+Gao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06964?ref=pdf
https://doi.org/10.1111/iwj.12049
https://doi.org/10.1111/iwj.12049
https://doi.org/10.1111/iwj.12049
https://doi.org/10.1016/j.epsc.2021.102127
https://doi.org/10.1016/j.epsc.2021.102127
https://doi.org/10.1007/s11882-012-0303-2
https://doi.org/10.1007/s11882-012-0303-2
https://doi.org/10.1016/j.vaccine.2005.01.023
https://doi.org/10.1016/j.vaccine.2005.01.023
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c06964?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(5) Elmanama, A. A.; Tayyem, N. E. A.; Allah, S. A. N. The bacterial
etiology of otitis media and their antibiogram among children in Gaza
Strip, Palestine. Egypt. J. Ear Nose Throat Allied Sci. 2014, 15, 87−91.
(6) Xie, J.; Pierce, J. G.; James, R. C.; Okano, A.; Boger, D. L. A

redesigned vancomycin engineered for dual D-Ala-D-ala And D-Ala-
D-Lac binding exhibits potent antimicrobial activity against
vancomycin-resistant bacteria. J. Am. Chem. Soc. 2011, 133, 13946−
13949.
(7) Wang, F.; Zhou, H.; Olademehin, O. P.; Kim, S. J.; Tao, P.

Insights into Key Interactions between Vancomycin and Bacterial Cell
Wall Structures. ACS Omega 2018, 3, 37−45.
(8) Putty, S.; Vemula, H.; Bobba, S.; Gutheil, W. G. A liquid

chromatography-tandem mass spectrometry assay for d-Ala-d-Lac: a
key intermediate for vancomycin resistance in vancomycin-resistant
enterococci. Anal. Biochem. 2013, 442, 166−171.
(9) Hughes, C. S.; Longo, E.; Phillips-Jones, M. K.; Hussain, R.

Characterisation of the selective binding of antibiotics vancomycin
and teicoplanin by the VanS receptor regulating type A vancomycin
resistance in the enterococci. Biochim. Biophys. Acta, Gen. Subj. 2017,
1861, 1951−1959.
(10) Kim, S.; Matsuoka, S.; Patti, G.; Schaefer, J. Vancomycin

Derivative with Damaged d -Ala- d -Ala Binding Cleft Binds to Cross-
linked Peptidoglycan in the Cell Wall of Staphylococcus aureus.
Biochemistry 2008, 47, 3822−3831.
(11) Printsevskaya, S. S.; Reznikova, M. I.; Korolev, A. M.; Lapa, G.

B.; Olsufyeva, E. N.; Preobrazhenskaya, M. N.; Plattner, J. J.; Zhang,
Y. K. Synthesis and study of antibacterial activities of antibacterial
glycopeptide antibiotics conjugated with benzoxaboroles. Future Med.
Chem. 2013, 5, 641−652.
(12) Choo, E. J.; Chambers, H. F. Treatment of Methicillin-

Resistant Staphylococcus aureus Bacteremia. Infect. Chemother. 2016,
48, 267−273.
(13) Wang, M.; Yao, M.; Zhu, Y.-g. Antibiotic resistance genes and

antibiotic sensitivity in bacterial aerosols and their comparisons with
known respiratory pathogens. J. Aerosol Sci. 2022, 161, 105931.
(14) Hiramatsu, K. Vancomycin-resistant Staphylococcus aureus: a

new model of antibiotic resistance. Lancet Infect. Dis. 2001, 1, 147−
155.
(15) Okano, A.; Isley, N. A.; Boger, D. L. Peripheral modifications of

[Ψ[CH(2)NH]Tpg(4)]vancomycin with added synergistic mecha-
nisms of action provide durable and potent antibiotics. Proc. Natl.
Acad. Sci. U.S.A. 2017, 114, E5052−E5061.
(16) Yarlagadda, V.; Sarkar, P.; Samaddar, S.; Haldar, J. A

Vancomycin Derivative with a Pyrophosphate-Binding Group: A
Strategy to Combat Vancomycin-Resistant Bacteria. Angew. Chem.,
Int. Ed. Engl. 2016, 55, 7836−7840.
(17) Wu, Z. C.; Isley, N. A.; Okano, A.; Weiss, W. J.; Boger, D. L.

C1-CBP-vancomycin: Impact of a Vancomycin C-Terminus Trime-
thylammonium Cation on Pharmacological Properties and Insights
into Its Newly Introduced Mechanism of Action. J. Org. Chem. 2020,
85, 1365−1375.
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