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Vancomycin is a crucial last-resort antibiotic for tackling Gram-positive bacterial infections. However, its
potency fails against the more difficult-to-treat Gram-negative bacteria (GNB). Vancomycin derivatives
have shown promise as broad-spectrum antibacterials, but are still underexplored. Toward this, we
present a novel strategy wherein we substitute the sugar moiety of vancomycin with a dipicolyl amine
group, yielding VanNHdipi. This novel glycopeptide enhances its efficacy against vancomycin-resistant
bacteria by up to 100-fold. A comprehensive approach involving microbiological assays, biochemical
analyses, proteomics, and computational studies unraveled the impact of this design on biological
activity. Our investigations reveal that VanNHdipi, like vancomycin, disrupts membrane-bound steps of
cell wall synthesis inducing envelope stress, while also interfering with the structural integrity of the
cytoplasmic membrane, setting it apart from vancomycin. Most noteworthy is its potency against critical
GNB producing metallo-B-lactamases (MBLs). VanNHdipi effectively inactivates various MBLs with ICsq in

the range of 0.2-10 uM resulting in resensitization of MBL-producing bacteria to carbapenems.
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Introduction

The emergence of antibiotic resistance in both Gram-positive
and Gram-negative bacteria (GPB and GNB respectively) has
become a major concern to global health. In particular, the rise
of vancomycin-resistant Gram-positive and carbapenem-
resistant Gram-negative superbugs has emerged as a dire
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enhanced binding affinity for the enzyme. This work expands the scope of vancomycin derivatives and
offers a promising new avenue for combating antibiotic resistance.

threat, exacerbated by the scarcity of treatment options.'
Reports of carbapenem resistance are increasingly common
among Gram-negative pathogens like Escherichia coli and
Klebsiella pneumoniae.” The prevalence of multidrug resistance
necessitates the development of novel antibiotics with unique
mechanisms of action. This concern is highlighted in the joint
ECDC-EMEA report, which emphasizes the scarcity of new
antibiotics with novel mechanisms, especially for combating
GNB.? One potential solution to this problem is the exploration
of novel semi-synthetic antibiotics.

Vancomycin, a glycopeptide antibiotic, is a crucial last-resort
drug used to treat Gram-positive bacterial infections. It acts by
binding to the p-Ala-p-Ala moieties of the cell wall precursors,
thereby inhibiting the final stage of bacterial cell wall synthesis.
However, in vancomycin-resistant bacteria, a 1000-fold reduc-
tion in binding affinity to the mutated target, p-Ala-p-Lac,
results in the loss of its effectiveness.* The second-generation
glycopeptide antibiotics, dalbavancin, telavancin, and orita-
vancin use hydrophobic modifications on the vancosamine
sugars to overcome resistance. Albeit, their efficacy varies
depending on the strain and the type of vancomycin-resistance
acquired by the corresponding bacteria.>” Given their success,
the development of semi-synthetic glycopeptides has been
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a propitious approach toward antibacterial drug discovery.®
Some of the successful strategies that have been reported to
overcome vancomycin resistance in GPB involve incorporating
membrane disruptive moieties;*** the enhancement of binding
affinity to the target peptide or other components of the
bacterial membrane;**** and backbone modifications to
substitute the lost binding affinity to the target.”*° These
glycopeptide antibiotics are however not active against GNB due
to the outer membrane, which serves as a barrier to their entry.
Although reports of glycopeptide derivatives with activity
against GPB and GNB are limited, there remains significant
potential for their further development against a broader
spectrum of pathogens.>*>* The antibacterial activity and
mechanisms of action of glycopeptide antibiotics pivot on the
sites of functionalization of the glycopeptides.*** An under-
standing of how these modifications affect activity is still
limited. This gap necessitates further research and refinement
to better understand how chemical modifications impact anti-
bacterial activity.

We have reported multifunctional vancomycin derivatives
that exhibit activity against both multidrug-resistant GPB and
GNB.*?>**?¢ We showed that the conjugation of cationic lipo-
philic moieties at the C-terminus of vancomycin results in
activity against both types of bacteria. In contrast, the conju-
gation of cationic lipophilic moieties at the vancosamine sugar
resulted in high antibacterial activity against the GPB but not
against GNB.” In another strategy, we showed that the
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conjugation of a Zn(u) chelating ligand, dipicolyl-1,6-
hexadiamine to the C-terminus of vancomycin resulted in
Dipi-Van (1, Fig. 1A), which demonstrated a 375-fold enhance-
ment in activity against vancomycin-resistant Enterococci
(VRE).* The ability of the compound to form a Dipi-Van-Zn**
complex with the pyrophosphate of lipid II on the outer surface
of the bacterial membrane underpins its enhanced activity
against VRE." Notably, it inhibits the metallo-B-lactamase
NDM-1, re-sensitizing NDM-producing bacteria to meropenem,
as demonstrated in both in vitro and in vivo experiments.*® The
promising efficacy of Dipi-Van (1) called for further exploration
and understanding of this design strategy to achieve even
higher antibacterial activity against both GPB and GNB.

In this study, we present the development of a next-
generation vancomycin-dipicolyl amine conjugate, VanNHdipi
(2, Fig. 1A). Unlike Dipi-Van, herein, the dipicolyl amine moiety
was conjugated at the primary amine of the vancosamine sugar
of vancomycin to yield, VanNHdipi (2) using the synthetic
protocol shown in Scheme S1.f We explore the antibacterial
attributes of VanNHdipi, elucidating its efficacy against
multidrug-resistant GPB and their biofilms. Additionally, its
efficacy against a wide range of MBLs, for which effective
inhibitors are scarce, was established. We compare its activity
with Dipi-Van (1) and demonstrate the enhanced antibacterial
efficacy of VanNHdipi (2). Through a combination of
biochemical assays, proteomics and computational analyses,
we investigate the mechanisms of action that underlie its

o.
i
Ny W
VN
N=N
VanNH(dipi (2)
(B) MIC (uM)
Compounds MRSA VRSA VRSA VRSA VRE VRE VRE VRE
1 4 12 903 909 51575 51559
Vancomycin 06 346 346 346 694 346 346 1388
Dipi-Van 1 2719 7 27.9 219 279 1.59° 2°
VanNHdipi 0.8 6.6 3.3 1.6 6.6 132 6.6 13.2

Fig.1 Structure and antibacterial activity of dipicolylamine functionalized vancomycin derivatives. (A) Vancomycin was functionalized at the C-
terminus and the vancosamine nitrogen to yield Dipi-Van and VanNHdipi respectively, (B) MIC of vancomycin, Dipi-Van and VanNHdipi against
various vancomycin-sensitive and resistant strains. MRSA, methicillin-resistant S. aureus (ATCC 33591); VRSA, vancomycin-resistant S. aureus;
VRE vancomycin-resistant E. faecium (VanA phenotype, ATCC 51559); vancomycin-resistant E. faecalis (VanB phenotype, ATCC 51575); VRE 909
and 903 are vancomycin-resistant E. faecium. *Activity of Dipi-Van against VRE 51575 and VRE 51559 has been reported previously.**
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antibacterial activity. This study emphasizes the importance of
positional modification to augment the antibacterial properties
of vancomycin.

Results and discussion

Vancosamine-functionalized derivative displays potent
activity against Gram-positive bacteria

Antibacterial activity. The antibacterial activity of Dipi-Van
(1) and VvanNHdipi (2) was examined against various
vancomycin-resistant strains of Staphylococci (VRSA) and
Enterococci (VRE) (Fig. 1B). The minimum inhibitory concen-
tration (MIC) values for vancomycin exceeded 346 uM (512 pg
mL ") against all vancomycin-resistant strains (VRSA and VRE).
Dipi-Van exhibited a MIC in the range of 1.5-28 uM, and
VanNHdipi displayed improved activity with MICs ranging from
1.6-13.2 pM among strains. Compared to Dipi-Van, VanNHdipi
displayed a 2 to 16-fold enhancement in antibacterial activity
against six of the eight strains of VRSA and VRE tested. Further,
the activity of VanNHdipi (MIC = 0.8 uM) against MRSA was at
par with vancomycin (MIC = 0.6 uM).

In vitro toxicity. Next, we tested the toxicity of VanNHdipi
against mammalian cells (HEK cells) as the CCs, (50% cytotoxic
concentration) and human red blood cells (RBCs) as the
hemolytic activity, HCs, (50% hemolytic concentration),
respectively. VanNHdipi did not exhibit any hemolytic activity
against hRBCs up to 500 uM demonstrating the potential for
a suitable therapeutic window (Fig. S1t). Additionally, the CCs,
of the compound against the HEK cells was >80 puM. This
indicated no toxicity at the concentrations required for anti-
bacterial activity and supported the potential for further testing
VanNHdipi as a preclinical candidate.

Kinetics of bactericidal activity. The kinetics of bactericidal
activity upon treatment with VanNHdipi (2) was compared with
that of vancomycin, against the vancomycin-sensitive MRSA.
VanNHdipi (2) resulted in more rapid bactericidal activity than
vancomycin (Fig. 2A). Vancomycin's bactericidal activity
remains the same across concentrations and required 24 h for
complete eradication. However, VanNHdipi (2) shows a time
and concentration-dependent bactericidal activity. Within 6 h
of treatment at MIC and higher concentrations, VanNHdipi (2)
reduced bacterial counts by 1 to 1.2 Log CFU mL™" (Fig. 24A).
Upon treatment at MIC, it reduced the bacterial counts by 2.4
Log CFU mL ™' in 12 h and showed complete eradication at 24 h.
At 2 x MIC and 4 x MIC, VanNHdipi (2) showed complete
eradication in 12 h (5.4 Log CFU mL " reduction). This shows
the improved antibacterial properties of VanNHdipi over
vancomycin.

Eradicating MRSA biofilms. Biofilms, robust communities of
bacteria enmeshed in a protective matrix, pose a formidable
challenge in combating infections. Metal chelators like EDTA are
known to eradicate biofilms, disperse bacteria, and reduce the
viability of cells within these structures.”»** It was hypothesized
that the presence of the metal chelating dipicolyl amine moiety,
in both Dipi-Van (1) and VanNHdipi (2), could result in improved
efficacy against MRSA biofilms. While vancomycin is active
against exponential phase bacteria, it showed minimal activity

© 2024 The Author(s). Published by the Royal Society of Chemistry
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against the biofilm (Fig. 2B). Treatment with Dipi-Van (1) and
VanNHdipi (2) at 20 pM, resulted in a 1.3 Log CFU mL ™" and 2
Log CFU mL ™" reduction in cell viability within the biofilms
respectively (Fig. 2B and C). Employing confocal microscopy, we
observed that treatment with VanNHdipi for 24 h led to ~60%
reduction in biofilm thickness when compared to untreated
control biofilms (Fig. 2C). Specifically, the thickness of these
biofilms diminished from 14.5 um in the untreated control to 8.3
um following VanNHdipi treatment. VanNHdipi therefore also
improved in activity against the more difficult to treat biofilms
when compared to vancomycin and Dipi-Van.

Assessing in vivo efficacy against MRSA in a mouse thigh
infection model. To evaluate the therapeutic potential of
VanNHdipi (2) against MRSA in vivo, we conducted experiments
using a neutropenic mouse thigh infection model. In this
model, MRSA infection was induced by inoculating mice with
~5 x 10> CFU of MRSA in the thigh. Subsequently, the mice
were then treated with 12 mg kg™' doses of vancomycin and
VanNHdipi (2) intraperitoneally, with the initial dose adminis-
tered 1 h post-infection, followed by a subsequent dose 13 h
later (Fig. 2D). The mice were sacrificed 24 h post-infection. The
pre-treatment bacterial load was 5.6 Log CFU g . In the
untreated control group, the bacterial load increased to 6.6 Log
CFU g~ . The vancomycin-treated group showed a bacterial load
of 4.8 Log CFU g ' of tissue. Treatment with VanNHdipi (2)
yielded a significantly reduced bacterial load of 4.4 Log CFUg ™,
highlighting its efficacy in an in vivo setting.

VanNHdipi acts against Gram-positive bacteria through
multiple modes of action

Antagonization in the presence of competing ligand N,N'-
diacetyl-1-Lys-p-Ala-p-Ala. VanNHdipi showed much improve-
ment in antibacterial efficacy compared to the parent drug
vancomycin. We next investigated the mechanisms of action of
our lead compound to understand what contributes to this
improved activity. The parent drug vancomycin acts by binding
to the p-Ala-p-Ala moiety of cell wall biosynthesis precursors.
Therefore, competition assays using the p-alanine-p-alanine
analog N,N'-diacetyl-i-Lys-p-Ala-p-Ala (KAA) were performed
with vancomycin and VanNHdipi (2) to explore the dependence
of antibiotic activity on interactions with the known binding
site of vancomycin. The two compounds, vancomycin and
VanNHdipi (2), were pre-incubated with KAA and then added to
the bacterial solution for MIC determination. The MIC of van-
comycin against MRSA increased from 0.6 uM to >30 uM in the
presence of 500 uM of KAA, indicating that additional KAA, to
a measurable extent, competes with target binding. The activity
of VanNHdipi (2), however, was antagonized only 2-fold in the
presence of 500 uM of KAA and not at all at the lower concen-
tration of 250 uM (ESI S37). This indicates that KAA does not
compete as effectively with VanNHdipi (2) target binding. This
could be because VanNHdipi (2) has a higher affinity for the
vancomycin binding site than vancomycin, or that the anti-
bacterial effect of VanNHdipi (2) only partially relies on the
interaction with the known vancomycin target and the binding
of additional targets are largely responsible for the activity.

Chem. Sci., 2024, 15, 16307-16320 | 16309
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Fig. 2 Efficacy of VanNHdipi (2) against methicillin-resistant S. aureus (MRSA) in exponential phase, biofilms and a mouse thigh infection model.
(A) Kinetics of bactericidal activity of VanNHdipi (2) and vancomycin against exponential growth phase MRSA. '* indicates <50 CFU mL; (B)
viability of cells within biofilms when treated with vancomycin and VanNHdipi at 20 uM; (C) confocal laser scanning microscopy when mature
biofilms were left untreated, treated with vancomycin and VanNHdipi at 20 uM each; (scale bar =5 um); (D) in vivo efficacy of VanNHdipi and
vancomycin against MRSA (n = 3/dose). Antibiotics were administered intraperitoneally twice at 12 h intervals at 12 mg kg~ (left). Black arrow
indicates pre-treatment bacterial load (right). Statistical analysis was done using One-way ANOVA. '* indicates p = 0.017, "**' p = 0.006.
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Acute effect on growth of Bacillus subtilis in mid-log phase.
B. subtilis is a well-established Gram-positive model bacterium
frequently employed to study the mechanism of action of
compounds. Therefore, we next performed further mechanistic
studies on this bacterium. The MIC of VanNHdipi (2) and
vancomycin against B. subtilis were found to be 0.2 uM. To gain
a deeper understanding of the mechanism of action of the
compound, it was crucial to expose bacterial cells to concen-
trations at which growth could continue, albeit at reduced rate
and with induction of a stress response.’* We refer to this

specific concentration as the physiologically effective
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concentration (PEC). To identify the PEC, first the bacteria were
allowed to grow to an ODsq, of 0.35 (mid-log phase) and then
treated with different concentrations of a compound to observe
its acute impact on bacterial growth (Fig. 3A). Notably, while
vancomycin showed growth retardation only at 2 x MIC (0.4
uM), VanNHdipi (2) impeded bacterial growth even at lower
concentrations, corresponding to 0.75 x MIC (0.16 pM)
(Fig. S21). At a higher concentration of 1.5 x MIC, a decrease in
OD was observed potentially indicating cell lysis induced by
VanNHdipi.
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(A) Acute growth retardation upon treatment of cultures of B. subtilis 168 with vancomycin at 0.4 uM (2 x MIC) and VanNHdipi 0.16 uM

(0.75 x MIC) upon treatment at the PEC; 2D gel-based proteome analysis of vancomycin-treated B. subtilis. Synthesis of cytosolic proteins of (B)
vancomycin-treated (false-colored in red), (C) VanNHdipi-treated (false-colored in red), and untreated (false-colored in green) B. subtilis were
compared based on [¥°S]-methionine labeling. In the overlaid autoradiographs, down-regulated proteins appear green, up-regulated proteins
appear red, and proteins expressed at equal rates appear yellow. (D & E) The tSNE analysis serves to compare the similarity of proteome
responses to a library of responses. (E) Details the upper left corner of (D). The response to VanNHdipi stress is most similar to responses to
antibacterial agents inhibiting cell wall synthesis, such as vancomycin and lantibiotics.
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Proteomic analysis. Comparative proteomics has proven
useful to characterize the mode of action of compounds. The
responses of B. subtilis to treatment with VanNHdipi or vanco-
mycin were studied at the proteome level by combining 2D gel-
electrophoresis and LC-MS analysis. Bacterial cultures at an
ODs of 0.35 were treated with either vancomycin or VanNH-
dipi at their respective PECs for 10 minutes. Subsequently, the
newly synthesized proteins were pulse-labeled using 1-(*’S)-
methionine for 5 min and analyzed by 2D gel-electrophoresis
and autoradiography. The resulting proteomic profiles
revealed distinct signatures for vancomycin and VanNHdipi
(Fig. 3B and C). Notably, some proteins were upregulated in
response to both vancomycin and VanNHdipi, namely Hom,
SdhA, NfrA, YtrB, YtreE, YpuA, and YceC, indicative of shared
mechanisms of action (Table 1). YtrB and YtrE have previously
been identified as marker proteins of an interference with
membrane-bound steps of cell wall biosynthesis including
bactoprenol recycling. Upregulation of these proteins is in line
with VanNHdipi addressing the same target as vancomycin.
However, 11 proteins were significantly upregulated upon
treatment with VanNHdipi (2), but not upon treatment with
vancomycin (Table 1). Crucially, proteins associated with
general stress, cell envelope stress, and membrane stress, were
strongly upregulated upon exposure to VanNHdipi, high-
lighting its distinctive impact on membrane dynamics. In
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particular, LiaH and PspA serve as markers of an impairment of
the structural integrity of the cytoplasmic membrane. LiaH is
specifically upregulated upon membrane stress, as opposed to
peptidoglycan stress. It is also significantly upregulated upon
treatment with daptomycin and lantibiotics.*” Likewise, PspA is
a marker for antibiotics interacting with the cytoplasmic
membrane. It is upregulated upon envelope stress exerted by
antibacterial agents such as daptomycin, gallidermin, nisin,
valinomycin, gramicidin A, and gramicidin S, but not vanco-
mycin or mersacidin, which are thought to not interact with
membrane lipids.*® Other proteins upregulated in response to
VanNHdipi are involved in the reorganization of the membrane
lipid composition such as FabL which is associated with fatty
acid biosynthesis and YvcR, an uncharacterized membrane-
bound ABC transporter ATP-binding protein.

Taken together, the proteome analysis indicates that the
response to VanNHdipi shares hallmarks of the response to
vancomycin, reflecting an interference with a membrane-bound
step of cell wall biosynthesis. However, it also indicates that the
mechanism of action is distinct from that of the parent drug, in
that VanNHdipi interferes with the structural integrity of the
membrane, like gallidermin, nisin and daptomycin (Fig. 3D and
E).

Cell wall biosynthesis inhibition. To confirm the effects of
vVanNHdipi (2) on B. subtilis cell wall biosynthesis,

Table 1 Upregulation of proteins after treatment with vancomycin and VanNHdipi identified by radiolabeling newly synthesized proteins using

a 2D gel-based approach

Regulation factor

Protein Protein function Biological process Vancomycin/control VanNHdipi/control
CysC Probable adenylyl-sulfate kinase Sulfate assimilation 2.3 +0.1
FabL Enoyl-{acyl-carrier-protein] reductase [NADPH] Fatty acid elongation 41.9 + 3.5¢
GsaB Glutamate-1-semialdehyde 2,1-aminomutase 2 Heme biosynthesis 2.8+0.4
Hom Homoserine dehydrogenase Amino acid metabolism 5.0 £ 3.8* 3.3+1.0
KtrC Ktr system potassium uptake protein C Ion transport 54+ 2.2
LiaH.1 LiaH Cell envelope stress 67.3 + 35.2
LiaH.2 LiaH Cell envelope stress 131.3 £+ 65.96
LiaH.3 LiaH Cell envelope stress 45.7 £ 9.98
LysA Diaminopimelate decarboxylase Amino acid metabolism 2.7+£0.3
MtnE  1-Glutamine-4-(methylsulfanyl)-2-oxobutanoate Amino acid metabolism 2.4 +0.3

aminotransferase
MurF  UDP-N-acetylmuramoyl-tripeptide-p-alanyl-p-alanine ligase Cell wall biosynthesis 41+ 1.6
NfrA FMN reductase (NADPH) Oxidative stress response 3.3 & 0.2 2.7 £0.2
PspA Phage shock protein A homolog Cell envelope stress 8.2+2.5
RpsB 30S ribosomal protein S2 Translation 2.7+ 0.3
RpsC 30S ribosomal protein S3 Translation 114 £ 12.7
SdhA Succinate dehydrogenase flavoprotein TCA cycle 33+1 3.1+ 0.9¢
ThiG Thiazole synthase Cofactor biosynthesis 2.5+ 0.1
Udk Uridine kinase Nucleotide biosynthesis 3.1+0.5
YceC Stress response protein SCP2 Cell envelope stress 3.7+0.9 34+1
YoxD Uncharacterized oxidoreductase Uncharacterized 29+0.1
YpuA Uncharacterized protein Cell envelope stress 44 +0.3 6.7 + 1.95%
YqiG Probable NADH-dependent flavin oxidoreductase Uncharacterized 52+ 1.3
YtkL UPF0173 metal-dependent hydrolase General stress 57+1.3
YtrB ABC transporter ATP-binding protein ABC transporter 4.8 £0.5 317 £ 04
YtrE.1  ABC transporter ATP-binding protein ABC transporter 140.2 + 40.5
YtrE.2  ABC transporter ATP-binding protein ABC transporter 18.2 £+ 8.98 13.55 £ 6.6
YveR Uncharacterized ABC transporter ATP-binding protein ABC transporter +5.5

“ Indicates that protein was identified by inference rather than LC-MS.
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a microscopy-based assay was performed. For this, the bacterial
cells were cultured to an ODsq, of 0.35 and then treated with
compounds (vancomycin or VanNHdipi) at PEC for 10 minutes.
Upon inhibition of a membrane-bound step in cell wall
biosynthesis, new cell wall material is no longer incorporated
into the cell wall.** This leads to a gradual weakening of the cell
wall's structural integrity. When such compromised cells were
subjected to a 1 : 3 mixture of acetic acid and methanol, bubbles
appeared on the cell surface that show the membrane and
cytoplasm blebbing out of these perforations. Bubble-like
formations were observed on the bacterial cell surface upon
treatment with both vancomycin and VanNHdipi (2) (Fig. 4A).
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L
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These observations are consistent with both compounds
inhibiting cell wall biosynthesis, compromising integrity of the
cell wall, and resulting in structural vulnerabilities (Fig. 4A).
Membrane perturbation and delocalization of MinD protein.
The proteomic response to VanNHdipi (2) indicated an inter-
ference with the structural integrity of the cytoplasmic
membrane. To follow up on this, we first performed a MinD
delocalization assay in B. subtilis (Fig. 4B). The maintenance of
the transmembrane potential is crucial for the proper distri-
bution and localization of cell division proteins like MinD.** In
untreated, growing cells, MinD strongly localizes at the cell
poles, and changes in its localization are often used as an

VanNHdipi (0.16 uM)

VanNHdipi

0.16 uM 0.4 uM

—a— Control

—e— VanNHdipi (7 uM)
130 4 —— VanNHdipi (14 uM)
——VanNHdipi (28 uM)
—+—Vancomycin (45 uM)

120 4
110 4
A
100 <
0 3 6 9 12 15
Time (min)

Investigating the effect of vancomycin and VanNHdipi on the cell envelope. (A) Inhibition of cell wall biosynthesis in B. subtilis by van-

comycin (0.4 uM) and VanNHdipi (0.16 uM) upon treatment at respective PECs, are indicated by bubble like structures on the surface of bacteria.
(B) Delocalisation of the GFP-tagged MinD protein in B. subtilis by vancomycin at 0.4 uM (PEC) and VanNHdipi (2) at 0.16 pM (PEC) and 0.4 uM
(MIC). Membrane (C) depolarisation and (D) permeabilization of exponential phase MRSA upon treatment with VanNHdipi (2); compound
addition is indicated with red arrows. For the measurement of: depolarization, 2°* 622 nm/2*™ 670 nm and for permeabilization, 2°* 535 nm/A*™
617 nm.
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indicator of an impaired membrane potential and polarization.
When the membrane potential is disturbed, MinD delocalizes,
forming irregularly distributed spots throughout the cell.** In
the assay, MinD localization is monitored by fluorescence
microscopy using a GFP-MinD fusion protein. The microscopic
studies were carried out by treating a GFP-MinD producing B.
subtilis with vancomycin (at PEC = 0.4 uM) and VanNHdipi (at
PEC = 0.16 uM and at 2 x MIC = 0.4 uM). As expected, van-
comycin, which does not affect membrane integrity, did not
elicit any MinD protein delocalization at its PEC (0.4 uM) which
equals 2 x MIC.* It was found that VanNHdipi (2) did not
induce delocalization of GFP-labelled MinD at the PEC (Fig. 4B).
However, upon increasing the concentration to 0.4 uM (corre-
sponding to MIC), ~15% of the cells showed MinD delocaliza-
tion (ESI S17). This observation strongly implies that membrane
perturbations induced by VanNHdipi become pronounced at
a higher concentration. In summary, these results indicate that
at 0.4 uM, VanNHdipi has a moderate effect on MinD localiza-
tion, while vancomycin does not. The assay further indicates the
impact of VanNHdipi on bacterial membrane dynamics.

A second set of assays was directed at investigating the
impact of VanNHdipi (2) treatment on the bacterial membrane
potential and its propensity to induce permeabilization in
MRSA. Membrane depolarization was assessed by monitoring
the fluorescence of the membrane potential-sensitive dye
DiSC;(5) (3,3'-dipropylthiadicarbocyanine iodide), while per-
meabilization was monitored by the uptake of the propidium
iodide dye (Fig. 4C and D). While vancomycin exhibited no
discernible influence on the bacterial membrane even at 45 uM
(approximately 55 x MIC), VanNHdipi demonstrated the capa-
bility to depolarize it at 7 uM (approximately 11.5 x MIC). This
depolarization phenomenon exhibited a concentration-
dependent pattern, becoming more pronounced with concen-
trations increasing up to 28 uM (Fig. 4C). Unlike membrane
depolarization, which intensified with increasing compound
concentration, membrane permeabilization remained relatively
low and constant across a range of concentrations (Fig. 4D).
Overall, the membrane integrity assays show that VanNHdipi,
which through the incorporation of the benzyl-hexan-dipicolyl
amine moiety to vancomycin has an additional hydrophobic
element, possesses the potential to interact with bacterial
membranes. In conclusion, the improved antibacterial activity
of VanNHdipi results from a combination of inhibiting
a membrane-bound step of cell wall synthesis and damage of
membrane integrity.

VanNHdipi synergizes with carbapenems against Gram-
negative bacteria

We previously reported that Dipi-Van (1) inhibits the NDM-1
enzyme and resensitizes NDM-producing Gram-negative
bacteria to carbapenems.”® Having validated the activity of
VanNHdipi in Gram-positive bacteria, the applicability of the
compound against Gram-negative bacteria was next investi-
gated. The dipicolyl amine moiety is a known chelator of Zn(u)
ion with a K4 of 160 nM.*® Therefore, it was imperative to
investigate the influence of the positional variation of dipicolyl
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amine in VanNHdipi (2) on the inhibition of metallo-p-lacta-
mases, but also other effects attributable to metal chelation
(Fig. S47), such as a potential destabilization of the outer
membrane.

VanNHdipi compromises the outer membrane integrity of
Gram-negative bacteria. The outer membrane (OM) of Gram-
negative bacteria serves as a permeability barrier and is vital
to their intrinsic resistance to antibiotics like vancomycin.?” The
negatively charged outer membrane of the Gram-negative
bacteria is stabilized by various divalent cations like Ca*" and
Mg>*.® It was therefore hypothesized that the ability of dipicolyl
amine to chelate the divalent cations, in conjunction with its
hydrophobic characteristics, could potentially disrupt the
integrity of the OM.* This disruption, in turn, may enhance
permeability and allow the uptake of exogenous molecules. The
kinetics of outer membrane permeabilization of VanNHdipi (2)
were studied using the fluorescent probe, 1-N-phenyl-
naphthylamine (NPN). The outer membrane typically restricts
the entry of hydrophobic substances like NPN, which can gain
access to the hydrophobic phospholipid membrane upon per-
meabilization, resulting in fluorescence. However, upon treat-
ment with VanNHdipi (2), the membrane of K. pneumoniae was
found to undergo permeabilization, as evidenced by the higher
fluorescence observed (Fig. S31). This observation indicates the
potential of VanNHdipi (2) to disrupt the outer membrane
integrity of K. pneumoniae R3934, which could have significant
implications for enhancing their susceptibility to VanNHdipi.

VanNHdipi resensitizes NDM-producing bacteria to carba-
penems. The ability of VanNHdipi to permeabilize the
membranes of Gram-negative bacteria suggests that the
compound could access the periplasmic region where metallo-
B-lactamases (MBLs) are located. VanNHdipi exhibited no
inherent activity against Gram-negative bacteria, with MICs >50
uM for clinical isolates of K. pneumoniae R3934, BAA2146,
EN5136 and E. coli EN5141. However, it had previously been
reported that Dipi-Van (1) could resensitize NDM-1 producing
pathogens to meropenem.”® To investigate the ability of
VanNHdipi to resensitize Gram-negative superbugs to carba-
penems, checkerboard assays were performed (Table 2, Fig. 5,
ESI S2%), testing combinations with meropenem and dor-
ipenem against various isolates of K. pneumoniae and E. coli
expressing NDM enzymes. Among the tested strains, K. pneu-
moniae R3934 and BAA2146 expressed the NDM-1 enzyme,

Table 2 In vitro antibacterial activity of meropenem and doripenem in
the presence of varying concentrations of VanNHdipi

MIC (pg mL™)

Meropenem + Doripenem +
vanNHdipi (pg mL ") vVanNHdipi (ug mL ")

Bacteria 16 32 16 32

K. pneumoniae EN5136 8 1 0.25 8 0.5 0.125
K. pneumoniae BAA2146 8 4 0.5 16 2 0.5
K. pneumoniae R3934 64 8 4 16 4 1

E. coli EN5141 2 0.13 0.06 8 0.5 0.25

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 VanNHdipi resensitizes NDM-producing bacteria to carbapenems. (A-D) Checkerboard assay to assess the effect of the combination of
VanNHdipi (2) with meropenem and doripenem against NDM-1 positive K. pneumoniae R3934 (A & B) and K. pneumoniae EN5136 (C & D). Time-
kill kinetics of (E) meropenem (F) doripenem in combination with VanNHdipi (2) against NDM-1 positive K. pneumoniae R3934. '*' indicates <50
CFU mL™L. The lines for control, 8 ug mL~ meropenem and 2 ng mL~* doripenem perfectly overlap in E and F.

while K. pneumoniae EN5136 produced both the MBL NDM-1
and the serine-carbapenemase OXA-1, along with SHV f-lacta-
mase enzymes. E. coli EN5141 produced the NDM-1 and OXA-1
B-lactamase enzymes. The OXA enzymes belong to class D B-
lactamases, that can also hydrolyse carbapenems.*

We evaluated two structurally similar carbapenems, dor-
ipenem and meropenem (Fig. 5A-D). Doripenem is more active
and undergoes slower hydrolysis by carbapenemases.”* The
clinical breakpoints of doripenem and meropenem against
Gram-negative bacteria are 2 ug mL™" and 1 pg mL ™", respec-
tively.*> The MIC values of these carbapenems, against the

© 2024 The Author(s). Published by the Royal Society of Chemistry

clinical isolates tested ranged from 2 pg mL ™" to 64 ug mL "
(Table 2). Susceptibility testing revealed that when exposed to
16 pg mL ™" of VanNHdipi (7 uM), NDM-1 expressing K. pneu-
moniae strains exhibited a 2-8-fold decrease in the MIC value of
meropenem. Similarly, the MIC value of doripenem decreased
by 4-16-fold for clinical isolates of NDM producing K. pneumo-
niae and E. coli in the presence of 16 pg mL~" of VanNHdipi (7
uM) (Table 3). At a higher concentration of 32 pg mL "' of
VanNHdipi (14 uM), the MIC values of both meropenem and
doripenem further reduced by 16-32-fold (MIC = 0.06-4 pg
mL™") against all strains. However, the addition of an
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Table 3 |Csq of Dipi-Van and VanNHdipi against various metallo-B-lactamases using absorbance (Abs)- and fluorescence (Fl)-based assays”
IG5 (uM)

MBLs VanNHdipi (Abs) VanNHdipi (Fl) Dipi-Van (Abs) Dipi-Van (Fl)

Class B1

NDM-1 0.6 + 0.1 0.2 + 0.02 0.5 + 0.1 0.4 + 0.04

NDM-12 2.3 £ 0.6 0.6 = 0.2 0.3 £ 0.06 0.1 £ 0.005

VIM-1 4.0 + 0.4 3.6 + 0.4 3.2 + 0.6 1.9 + 0.04

VIM-27 2.7 £04 5.0 £ 0.2 1.4 £ 0.04 3.5+ 0.6

IMP-1 4.0 +1.7 1.2 + 0.2 >40 >40

Class B2

CphA — 2.1+1.1 — >40

Class B3

L1 11.0 = 2.4 10.2 + 2.8 7.2+ 1.1 1.6 + 0.3

% The fluorescence (Fl)-based assay measured for different MBLs is based on cleavage of chromophores CDC-1 and CPC-1.

equimolar amount of ZnSO, resulted in the loss of sensitization
of K. pneumoniae to carbapenem (meropenem). This indicates
that the inhibitory activity of VanNHdipi is associated with
Zn(u) chelation (Fig. S51). Overall, VanNHdipi demonstrated the
ability to resensitize K. pneumoniae and E. coli strains expressing
multiple B-lactamase enzymes to carbapenems.

Kinetics of bactericidal activity of combinations against
NDM-producing pathogens. The ability of VanNHdipi to restore
the bactericidal activity of carbapenems was studied by moni-
toring the kinetics of bactericidal activity against K. pneumoniae
R3934 (KP R3934). Meropenem was ineffective against KP
R3934 and did not show any growth inhibition upon treatment
at 8 ug mL ™" alone (Fig. 5E). However, in the presence of 32 g
mL ™" of VanNHdipi (2), 4 pg mL™" of meropenem maintained
a static effect with bacterial titer of 6 Log CFU mL ™" against K.
pneumoniae R3934. Increasing the concentration of meropenem
to 8 ug mL ™" alongside 32 pg mL ™" of VanNHdipi (2) led to
a significant decrease in bacterial count. Within 2 h, a reduction
of 1.4 Log CFU mL ™" was achieved, which increased to 2.2 Log
CFU mL™"in 4 h, culminating in complete eradication in 24 h (6
Log CFU mL " reduction). Similarly, we tested the combination
with doripenem. Doripenem alone, at 2 pg mL™", displayed no
growth inhibition against KP R3934 (Fig. 5F). However, when
combined with 32 ug mL ™" of VanNHdipi (2), a substantial
reduction of the bacterial count was observed. At 0.5 ug mL ™" of
doripenem in the presence of VanNHdipi, a reduction of 3 Log
CFU mL ™' was attained within 6 h, which remained constant
until 24 h. Upon increasing the doripenem concentration to 1
pug mL ™' in the presence of VanNHdipi (2), a substantial
bacterial titer reduction occurred. Within 4 h, there was
a decrease of 2.3 Log CFU mL ™", which further accelerated to 4.2
Log CFU mL ' within 6 h, ultimately achieving a 5 Log CFU
mL~" reduction after 24 h. This shows that treatment in
combination with VanNHdipi potentiates and therefore
restores the bactericidal activity of carbapenems.

Molecular docking and MD simulation studies of the inter-
action between VanNHdipi and NDM-1 enzyme. To substantiate
our experimental results, we investigated the interaction
between Dipi-Van and VanNHdipi with NDM-1 using molecular

16316 | Chem. Sci., 2024, 15, 16307-16320

docking, followed by MD simulations. The molecular docking
results showed that the dipicolylamine group in Dipi-Van and
VanNHdipi interacts with the catalytic site residues of NDM-1.
VanNHdipi (2) exhibited a binding energy (AG) of —8.7 kcal-
mol ', whereas Dipi-Van (1) demonstrated a binding energy of
—7.3 keal mol™". Subsequently, we performed the 500 ns long
MD simulations of the NDM-Dipi-Van and NDM-VanNHdipi
docked complexes. Results revealed that the dipicolylamine
group of both Dipi-Van and VanNHdipi interact within the
active site of NDM-1. The vancomycin group of VanNHdipi is
stably bound on the surface of NDM (Fig. 6A). In addition, we
observed that the vancosamine sugar component of VanNHdipi
interacts with the surface residues of NDM-1 through hydrogen
bonding (Fig. 6B and S6t). Specifically, the sugar moiety in
VanNHdipi (2) form H-bonds with Tyr64 and Arg45 residues of
NDM-1 (Fig. S6t for more details). Moreover, the Arg52, Lys211,
and Gly69 residues were also found to interact with the
VanNHdipi (2) molecule, providing further stability to the
complex (Fig. 6B). These H-bonding interactions could play
a crucial role in stabilizing the alkyl chain connecting the van-
cosamine sugar to the dipicolylamine fragment. In Dipi-Van,
stable H-bonding interactions were not observed due to the
absence of the proximal sugar group, and the vancomycin group
was flexible on the surface of NDM (ESI Fig. S7{ for more
details).

Importantly, the dipicolylamine fragment is in the vicinity of
the active site of the NDM, which explains the deactivation of
the NDM enzyme. In VanNHDipi, the stable vancomycin group
stays on the surface of the protein, while the side chain
compliments the contour of the protein surface and allows the
dipicolylamine fragment to reach the active site (Fig. 6A).
Dipicolylamine fragment likely forms a coordinated complex
with Zn ions, thereby inhibiting NDM. However, as the MM
force field we used is non-reactive, we could not see the
formation of a covalent bond with Zn ions.

VanNHdipi exhibits inhibitory activity against various
classes of metallo-B-lactamases. Building on our previous
findings, finally, we wanted to test the inhibitory activity of
these glycopeptide derivatives against various MBL enzymes.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Molecular docking and MD simulation study of VanNHdipi-mediated inhibition of NDM enzyme. (A) VanNHdipi (thick-stick represen-
tation) bound to the NDM-1 (surface representation) is shown. (B) The residues Tyr64, Arg45, Arg52, Lys211, and Gly69 are forming H-bonding
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The MBLs are categorized into three subclasses-B1, B2, and B3
based on sequence and structural similarities and the number
of Zn(u) ions in their active sites. Among these subclasses, the
Bl enzymes, which include New Delhi metallo-B-lactama-
se(NDM), Verona-integron-borne metallo-B-lactamase (VIM),
and imipenemase (IMP) families, are of particular clinical
relevance.* They possess the ability to hydrolyze all B-lactam
antibiotics, except aztreonam, and are not inhibited by any of
the approved B-lactamase inhibitors.*® The active sites of these
enzymes contain zinc and are therefore inhibited by metal
chelators, such as ethylenediaminetetraacetic acid in vitro.**
Aspergillomarasmine A (AMA) has been recently reported as
a potent inhibitor of the metallo-B-lactamases and also restores
the activity of meropenem in MBL-producing Gram-negative
bacteria.”” Another example is a pyridine-2-carboxylic acid-
based inhibitor, ANT431, that was designed to inhibit MBLs.
The latter showed sub-micromolar inhibitory activity against
NDM-1 and VIM-2 but was at least 20-fold less active against
VIM-1 and IMP-1.*¢ ANT431 demonstrated good potentiation of
meropenem against Enterobacteriaceae that comprise NDM-1,
but showed less potentiation against other MBL-producing
variants.*®

To explore the potential of Dipi-Van and VanNHdipi as
broad-spectrum MBL inhibitors, we conducted in vitro tests on
a panel of seven MBLs, representing each subclass. Two assays
were employed: a nitrocefin-based absorbance assay and
a fluorescence assay using chromophores CDC-1 and CPC-1.*7*%
These chromophores serve as substrates for MBL enzymes.*
Hydrolysis of the B-lactam ring of nitrocefin by enzyme results
in a shift in the ultraviolet absorption spectrum, allowing for
visual detection of enzyme activity. On the other hand, CDC-1
and CPC-1 release a fluorescent probe, umbelliferone, upon
hydrolysis, enabling quantification of enzyme activity.*®

Class B1 MBLs are commonly associated with carbapenem
resistance in human pathogens. These enzymes require one or
two zinc ions at their active centers for full activity.”* Dipi-Van
showed an ICs, of 0.1-0.5 uM against NDM-1 and NDM-12. It

© 2024 The Author(s). Published by the Royal Society of Chemistry

also inhibited VIMs (VIM-1 and VIM-27) with an ICs, of 1.4-3.5
uM, albeit with reduced efficacy compared to NDM enzymes
(Table 3, ESI S4 & S51). However, Dipi-Van was inactive against
the IMP-1 enzyme. On the other hand, VanNHdipi effectively
inhibited all 5 class B1 enzymes tested including IMP-1 (S4 &
S51), with ICs, values ranging from 0.2-5 puM in both the
absorbance and fluorescence assays with a 2-4-fold difference in
IC;, values between the two assays (Table 3).

Class B2 enzymes contain one Zn(u) ion at their active site
and specifically hydrolyse carbapenems.*® Both compounds
were tested against the CphA enzyme using the fluorescent
probe CPC-1, which is a carbapenem-based probe.*” Dipi-Van (1)
did not inhibit CphA activity even at concentrations up to 40
uM, whereas VanNHdipi (2) showed an ICs, of 2.1 uM against
this enzyme. Class B3 MBL enzymes are di-zinc enzymes with
active-site architectures similar to B1 MBLs.* Against the Class
B3 enzyme L1, both Dipi-Van and VanNHdipi demonstrated
inhibitory activity, with ICs, values of 1.6-7.2 pM and 10.2-11
uM, respectively. It is important to note that the Zn(u)-chelating
moiety, bis(pyridin-2-ylmethyl)amine (BPYA) alone, was found
to inhibit enzyme activity with an ICs, of 1.2 pM against NDM-1
and 22.2 uM against VIM-27, while the ICs, against IMP-1 was
greater than 40 uM (Fig. S81). This indicates that there may be
other factors contributing to the potency of VanNHdipi against
IMP-1. The compounds were ineffective against the other B-
lactamases, KPC-1 and AmpC, which are not MBLs (ESI S57).
Overall, we see that the two compounds differ in their spectrum
of activity against MBLs. Although both derivatives share the
same zinc binding moiety, they differ in their positioning on
vancomycin and the linker. These differences in inhibitory
activity suggest that the linker, orientation and steric factors
imposed by the vancomycin core influence ligand access to the
enzyme's active site. This is the first report of the use of glyco-
peptide analogues as inhibitors of a broad spectrum of MBLs.
While this provides a promising starting point, the full potential
of this application will require further systematic investigation
in bacteria.
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Conclusion

In this study, we introduced a dual-functional vancomycin
derivative, VanNHdipi, that shows superior antibacterial activity
over its predecessors. We not only demonstrate its enhanced
activity against vancomycin-resistant bacteria, but also expand
their application in resensitizing Gram-negative pathogens to
last-line drugs, carbapenems. We emphasize that the position
of modification of glycopeptide antibiotics significantly impact
their biological activity and strategic modifications can be
exploited to alter their efficacy. The vancosamine dipicolyl-
amine vancomycin conjugate, VanNHdipi, shows superior
activity against vancomycin-resistant Gram-positive bacteria as
compared to the dipicolyl amine derivative functionalized at the
C-terminus, Dipi-Van. VanNHdipi, also inhibits a broad spec-
trum of MBL enzymes while Dipi-Van, derivatized at the C-
terminus, was limited in its activity. This leads the way for the
design of molecules with better inhibitory activity against
MBLs.

We provide insights into the mechanisms of action of new
glycopeptide analogues against Gram-positive pathogens by
exploring the mechanisms of VanNHdipi. In addition to
vancomycin-like inhibition of cell wall biosynthesis, VanNHdipi
acts through other mechanisms of action including disruption
of structural integrity of the cytoplasmic membrane and inhi-
bition of the membrane-bound stage of cell wall synthesis. The
multifaceted mechanisms of action is advantageous over drugs
with a single target, in that, they could slow the development of
resistance.

Most importantly, we investigated the inhibitory activity of
glycopeptide analogs against the various classes of MBL
enzymes, an application that has not been explored previously.
While our docking and MD simulation studies provide insights
into the potential binding modes of Dipi-Van and VanNHdipi,
further experimental approaches will be needed to fully
understand mechanistic differences in MBL inhibition. With
limited options available against MBL-producing Gram-
negative pathogens, VanNHdipi presents a versatile alterna-
tive. Since examples of metal chelators used in the clinics are
limited, the therapeutic potential of these vancomycin deriva-
tives will need further rigorous assessment in vivo models.
Overall, our research expands the scope of vancomycin deriva-
tives presenting a promising new avenue for addressing anti-
biotic resistance.
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