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Increasing bacterial resistance to antibiotics is a pressing problem worldwide, with many health

organisations prioritizing this issue. Whilst there is a desperate need for new effective antimicrobials, it is

also important to understand the mechanisms and epidemiology of the resistant pathogens currently

present in the community. Chloramphenicol is one such well known antibiotic which had lost its efficacy

due to bacterial resistance. In this paper, we report the design, synthesis, and bio-studies of novel

chloramphenicol-borate/boronate derivatives which showed the ability to control the infections caused

by chloramphenicol-resistant bacteria. Activity profiling against P. aeruginosa strain EXR1 with catB gene

indicated the inability of acetyl transferase to acetylate the chloramphenicol-borate/boronate complex,

unlike chloramphenicol. Results obtained from the antimicrobial assays were further rationalized by

molecular docking studies. The latter revealed that the probable reason for the enhanced antibacterial

activity may be attributed to the change in the binding site of chloramphenicol-borate/boronate with

chloramphenicol acetyl transferase (CAT) with respect to chloramphenicol itself. Hemolytic and

genotoxic studies established the reduced toxicity of these synthetic derivatives with respect to

chloramphenicol.
1. Introduction

Chloramphenicol-resistant common Gram-negative bacilli
(GNB) like Enterobacteriaceae (such as Escherichia coli, Klebsi-
ella spp., Enterobacter spp.), Pseudomonas aeruginosa, and Aci-
netobacter spp. have evolved to be menacing pathogens, raising
concern in recent times. These are the leading cause of infec-
tions related to the nosocomial blood stream, urinary tract,
intra-abdominal and respiratory tract.1 The major reason
behind the rise in bacterial infection has been the development
of antibiotic resistance in bacteria which is quite prevalent
amongst the Gram-negative bacilli.2 They are difficult to control,
and have become a major health problem worldwide. Infections
caused by multi-antibiotic resistant bacteria are the cause of
greater mortality and longer hospitalization.3,4 Recent studies
have shown that most GNB bacteria have become resistant to
several antibiotics. GNBs have developed various survival
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strategies to combat against antibiotics due to their indis-
criminate and improper use. Some bacteria have developed
efflux systems to pump out the invading antibiotics from their
cells. Others produce enzymes which can “chew up” the anti-
biotics by hydrolysis or by altering the target site thus rendering
them ineffective.5

This impending antibiotic crisis motivated us towards the
development of new analogues of conventional antibiotics by
appropriate modication. Such strategies leading to newer
analogues of old antibiotics are oen quite effective against
antibiotic resistant pathogens. Chloramphenicol is a semi-
synthetic, structurally simple (relative to other types), broad-
spectrum antibiotic produced by Streptomyces spp. However,
emergence of chloramphenicol-resistant GNBs has become
a major problem.6 GNBs become resistant to chloramphenicol
in different ways: the major pathway is enzymatic inactivation
via acetyl transferases or in few cases via phospho-
transferases.7–9 Other mechanisms involve alteration of target
site of ribosome by mutation or modication,10 and the devel-
opment of efflux pump systems thereby reducing the intracel-
lular drug concentration.11,12 Almost all multi-drug resistant
GNBs are able to produce chloramphenicol acetyl transferase
(CAT) enzyme and get classied on the basis of their speci-
city.13 Chloramphenicol inhibits protein synthesis by binding
reversibly to the peptidyl transferase of 50S ribosomal subunit
which prevents the peptide chain elongation by blocking the
This journal is © The Royal Society of Chemistry 2018
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View Article Online
transpeptidation process.14 Chloramphenicol acetyl transferase
detoxies chloramphenicol by covalently attaching an acetyl
group from acetyl-CoA.6 Therefore, the acetylated chloram-
phenicol is unable to bind to ribosomal subunit. The C-terminal
region of chloramphenicol acetyl transferase plays a central role
in its catalytic mechanism of acetylation of chloramphenicol.

To negate this process, chloramphenicol should be struc-
turally modied so that it does not undergo the detoxifying
pathway without compromising its antibiotic action by binding
to the ribosome. It may be pointed out that Mubarak et al.15 in
1984, rst reported the retention of some antibacterial activity
in chloramphenicol-phenylboronates only against chloram-
phenicol sensitive strains. In this work, we report the synthetic
modication of chloramphenicol 1 into its corresponding
borate 2 derivative. This along with the corresponding phenyl
boronate derivative 3 exhibited remarkable activity against
chloramphenicol-resistant GNB clinical isolates. Activity was
also conrmed against chloramphenicol acetyl transferase
producing strain which revealed inability of the transferase to
acetylate the chloramphenicol borate/boronate complex unlike
what happens in case of chloramphenicol. Molecular docking
studies and UV-Vis spectroscopy based DNA-binding studies
were done which validated that the synthesized derivatives are
potential semi-synthetic antibiotic agents against resistant GNB
pathogens.
2. Experimental
Synthesis of the compounds

All reactions were conducted with oven-dried glassware under
an atmosphere of nitrogen. All common reagents were
commercial grade reagents and used without further purica-
tion. TLC was performed on aluminum-backed plates coated
with Silica gel 60 with F254 indicator. Locally available UV-lamp
chamber and I2-blower were used as the TLC spot indicator. The
1HNMR spectra were recorded at 600MHz and 13C NMR spectra
were measured at 150 MHz using CD3CN. Proton and carbon
spectra were referenced internally to solvent signals, using
values of d ¼ 1.94 for proton and d ¼ 118.3 and 1.3 for carbons
in CD3CN. The following abbreviations are used to describe
peak patterns where appropriate: s ¼ singlet, d ¼ doublet, t ¼
triplet, q ¼ quartet, m ¼ multiplet, bs ¼ broad singlet. All
coupling constants (J) are given in Hz.
Scheme 1 Synthesis of chloramphenicol borate 2 and boronate 3.
Method for the preparation of chloramphenicol-borate
derivative (2)

To a solution of boric acid (A) (20 mg, 0.32 mmol) in acetonitrile
(10 mL), chloramphenicol 1 (209 mg, 2 eq., 0.64 mmol) was
added slowly with vigorous stirring at room temperature under
nitrogen. The reaction was allowed to stir for 18 h aer which
the reaction mixture was ltered and the ltrate was evaporated
to dryness. The reaction mixture was puried by precipitation
from acetonitrile–dichloromethane mixture to obtain the target
compound 2 (194 mg, 91%).

Spectral data. 1H NMR (600 MHz, CD3CN) d 8.19–8.17 (m,
1H), 7.62–7.59 (m, 1H), 7.36 (d, J¼ 9.5 Hz, 1H), 5.89 (s, 1H), 5.56
This journal is © The Royal Society of Chemistry 2018
(d, J ¼ 2.7 Hz, 1H), 5.49 (bs, 1H), 4.56 (ddd, J ¼ 9.4, 4.5, 2.7 Hz,
1H), 4.39 (dd, J ¼ 11.7, 2.7 Hz, 1H), 3.95 (dd, J ¼ 11.7, 1.8 Hz,
1H); 13C NMR (150 MHz, CD3CN) d 164.6, 148.4, 147.4, 127.8,
124.1, 74.7, 67.1, 66.7, 50.2.
Method for the preparation of chloramphenicol-phenyl
boronate ester (3)

To a solution of phenylboronic acid (B) (30 mg, 0.246 mmol) in
dichloromethane (12 mL), chloramphenicol 1 (80 mg, 1 eq.,
0.246 mmol) was added slowly with vigorous stirring at room
temperature under nitrogen. The reaction was allowed to stir for
18 h aer which the mixture was ltered. The ltrate was
evaporated to dryness. The reaction mixture was puried by
precipitation from acetonitrile–dichloromethane mixture to
obtain the nal product 3 (93 mg, 92%).

Spectral data. 1H NMR (600 MHz, CD3CN) d 8.23–8.21 (m,
2H), 7.91 (dd, J ¼ 8.0, 1.5 Hz, 1H), 7.74–7.72 (m, 2H), 7.54 (t, J ¼
7.5 Hz, 1H), 7.52–7.49 (m, 1H), 7.45–7.43 (m, 2H), 5.84 (s, 1H),
5.73 (d, J ¼ 2.8 Hz, 1H), 4.76 (ddd, J ¼ 9.4, 4.5, 2.7 Hz, 1H), 4.58
(dd, J ¼ 11.9, 2.7 Hz, 1H), 4.12 (dd, J ¼ 11.8, 1.8 Hz, 1H); 13C
NMR (150 MHz, CD3CN) d 164.7, 148.5, 147.3, 134.8, 132.0,
129.0, 128.7, 128.0, 124.1, 74.0, 67.1, 66.4, 50.3.
Antimicrobial susceptibility testing

Aer having access to the borate and boronate derivatives (2
and 3), we went forward with our antibacterial assay. The GNB
strains, Escherichia coli, Pseudomonas aeruginosa, Klebsiella spp.,
and Acinetobacter sp. were isolated, cultured and tested in
Molecular Microbiology Laboratory under hospital settings
(Priyamvada Birla Aravind Eye Hospital, Kolkata, WB).
Minimum inhibitory concentration (MIC) values of all deriva-
tives were determined according to guidelines of Clinical and
Laboratory Standards Institute (CLSI) using Muller Hinton
Broth (MHB) medium; Seventeenth Informational Supplement
Document M100-S17, CLSI, Wayne, PA: CLSI, 2010.16 The
culture conditions and bacterial growth were monitored as
described earlier by Roymahapatra et al.17
Amplication and sequencing of chloramphenicol acetyl
transferase gene in chloramphenicol-resistant bacteria

Several clinical isolates of P. aeruginosa were grown in LB
medium at 37 �C for 24 h. Whole cell DNA was extracted
RSC Adv., 2018, 8, 18016–18022 | 18017
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Fig. 1 Stacked 1H NMR spectra of compounds 1–3 in CD3CN, recorded in 600 MHz.
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View Article Online
following the method as described earlier Sarkar et al.18 To
detect the presence of chloramphenicol acetyl transferase (catB)
gene in isolates, PCR amplication was performed using
degenerate primers like HS223 (50-CGGAATTCCGAGCTAY-
TAYTCYGGCTAYTA-30) and HS224 (50-GGGATCCCGCCGGG-
CATGAHCATBGCCTC-30) as described earlier by White et al.19

Only the DNA of catB+ strain, the clinical isolate, P. aeruginosa
strain EXR1 were used for the amplication of ‘Ps’ open reading
frame (orf) using the primers HS240 (50-GGGGATCCTATGGG-
CAACTATTTCGAG-30) and HS241 (50-GGGGATCCATCAGGCC-
GAGGCCTGGCG-30).

The PCR product was visualized by electrophoresis on 1.0%
agarose gel electrophoresis analysis, the band was eluted using
quick gel extraction kit following the manufacturer protocol
QIAGEN, USA and cloned into pCR2.1-TOPO vector. Recombi-
nant plasmid was sequenced with M13 forward and reverse
primer using BigDye® Terminator v3.1 Cycle Sequencing Kit
according to manufacturer's instructions. Reaction products
Table 1 Minimal inhibitory concentration (MIC) of chloramphenicol an
isolates and mutant forms

Bacteria (GNBs)

MIC (mg mL�1)

Chloramphenicol (1) Chlora

P. aeruginosa EXR1 >512 4
Acinetobacter sp. >512 4
E. coli >512 2
Enterobacter sp. 64 2

18018 | RSC Adv., 2018, 8, 18016–18022
were analysed in 3500 gene analyzer (Life technologies). The
sequence of catB gene of strain P. aeruginosa EXR1 is given in
ESI (Fig. S5–S7).†
In silico analysis

The PDB structure of 2XAT (acetyl transferase of Pseudomonas
aeruginosa) was downloaded from RCSB protein data bank. The
acetyl transferase enzyme was co-crystallized with desulfo-
coenzyme A and chloramphenicol.20 The amino acid chain
was kept, the water molecules and co-crystallized ligands were
removed, subsequently the missing atom types were repaired
using prepare protein module under receptor–ligand interac-
tion in Discovery Studio 3.5. Prepared protein and the ligands
were saved in .pdb le and used for docking studies.21 Docking
calculations were done in PatchDock server22 and the pictures
were prepared using Discovery Studio 3.5. The most favourable
poses were selected according to the minimum patch dock
d chloramphenicol derivatives for chloramphenicol-resistant clinical

mphenicol-borate (2) Chloramphenicol-phenylboronate (3)

8
8
4
4

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 Images are showing the activity of chloramphenicol-borate
derivative against different chloramphenicol resistant pathogens.
Images are represented as A. baumannii (a); E. coli (b) and E. cloacae
(c). In all lanes the sample concentration was 2 mg mL�1 of 15 mL.
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score of the receptor-small molecule complex and that was used
for the analysis of receptor–ligand interactions.
DNA-binding assay

DNA-drug interaction is one of the important methods to
identify the genotoxicity level that amend the pharmacody-
namics of drug in blood. Accordingly, a simple study23 to
determine the binding interaction of the chloramphenicol (1)
and the synthesized borate derivative (2) with DNA was carried
out. A Jasco V 730 spectrophotometer was used for absorption
spectral studies. Solutions of Calf Thymus DNA (CT DNA) were
prepared in Tris–HCl buffer (1 mM; pH ¼ 7.2). The ratio of UV
absorbances at 260 and 280 nm (A260/A280) was found to be 1.83.
The DNA concentrations were determined by using an extinc-
tion coefficient of 6600 M�1 cm�1 at 260 nm and were expressed
in terms of base molarity. UV absorption titrations were carried
out by keeping the concentration of CT DNA (dissolved in Tris–
HCl buffer) xed and by adding a known concentration of
chloramphenicol (1) and chloramphenicol-borate (2) (solution
in Tris–HCl buffer) into both the cuvettes in increasing amounts
Fig. 3 (a) Screening of synthesized compounds against chloram-
phenicol resistant Gram-negative bacilli, Pseudomonas aeruginosa. 30
mg of each compound was used except for chloramphenicol from
High Media, India for which 100 mg was used. (b) PCR amplification of
chloramphenicol acetyl transferase gene from chloramphenicol
resistant clinical isolate, P. aeruginosa EXR1. Lane M corresponding to
marker; lane 1: genomic DNA of P. aeruginosa SS3; lane 2: PCR
amplification of chloramphenicol susceptible strain; lane 3: PCR
amplification of chloramphenicol resistant strain.

This journal is © The Royal Society of Chemistry 2018
until saturation was observed. Absorbance values were recorded
aer each successive addition of chloramphenicol (1) and
chloramphenicol-borate (2) solution and equilibration.
Hemolytic assay

Hemocompatibility study was performed using standard
protocol as described earlier24 by Mandal et al. Hemolytic
activity was determined by measuring the absorption at 570 nm
(Biorad Microplate reader 5804R). Control samples of 0% lysis
(in PBS 1X buffer) and 100% lysis (in 1% TritonX-100) were used
in the experiment. All assays were repeated thrice and data
presented with their mean value. Hemolytic effect of each
treatment was expressed as percent of cell lysis relative to the
+ve control cells (% control) using the following formula:
[(Abs570 of samples)/(Abs570 of (+)ve control cells)] � 100, where
absorbance is abbreviated to Abs.
3. Results and discussion
Synthesis of target compounds (2 and 3)

The chloramphenicol-borate and phenyl-boronate (2 and 3)
were synthesized via the condensation reaction between 1,3-diol
moiety in chloramphenicol 1 and boric acid (A) or phenyl
boronic acid (B) respectively (Scheme 1). The reaction were
carried out in acetonitrile by stirring at room temperature for
Fig. 4 In silico analysis of docking between compounds with protein
(PDB id 2XAT). Surface area of the receptor where compounds got
bound to protein is shown: (a) chloramphenicol 1, (c) chloramphen-
icol-borate 2 (e) and chloramphenicol-phenyl boronate 3. The various
interactions inside the binding pocket of the protein are also shown:
(b) chloramphenicol 1, (d) chloramphenicol-borate 2 and (f) chlor-
amphenicol-phenyl boronate 3.

RSC Adv., 2018, 8, 18016–18022 | 18019
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Table 2 Results of in silico study of binding

Compound

Hydrogen bonds

No. of H-bonds Amino acids interacting with the substrate Bond distance Bond angle (�)

Chloramphenicol (1) 2 Ser32[OH/O of primary alcohol] 2.04 (Å) 140
Tyr30[OH/O (carbonyl) of chloramphenicol] 2.05 (Å) 139

Chloramphenicol-
borate ester (2)

2 Arg164[NH/Cl of chloramphenicol moiety] 1.94 (Å) 111
Arg164[NH/O (carbonyl) of chloramphenicol moiety] 2.29 (Å) 90

Chloramphenicol-
phenyl boronate ester (3)

— — — —
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18 h, followed by subsequent precipitation using dichloro-
methane to afford the target compounds 2 and 3 respectively.
These were fully characterized using 1H and 13C NMR (Fig. 1)
(full spectra are provided in ESI, Fig. S1–S4†).
Antimicrobial study

Antimicrobial activity of the chloramphenicol (1) and borate/
boronate (2 and 3) complexes were tested against several
chloramphenicol resistant GNB clinical isolates following CLSI
guidelines. The obtained MIC values revealed the potential of
the new derivatives to control chloramphenicol-resistant path-
ogens. The results are shown in Table 1.

As a representative example, we have shown the agar diffu-
sion assay plate against different chloramphenicol-resistant
pathogens like A. baumannii, E. coli, and E. cloacae all of
which showed extensive antibiotic-resistance prole towards
chloramphenicol (Fig. 2). Between the two complexes,
chloramphenicol-borate derivative 2 showed the highest anti-
bacterial activity (Fig. 3a).

In our study, the presence of catB genetic system in the
selected P. aeruginosa strain EXR1 was conrmed Fig. S5–S7 (in
the ESI),† as the major cause for the development of chloram-
phenicol resistance. A positive amplication (Fig. 3b) product
was observed aer amplication with catB degenerate primers in
Pseudomonas isolates and conrmed with their sequence, having
high level of chloramphenicol (MIC > 500 mg mL�1) resistance.
Fig. 5 (a) Interaction of chloramphenicol 1 with calf-thymus DNA,
showing hypochromic shift in the absorbance of DNA. (b) Interaction
of chloramphenicol-borate 2 with calf-thymus DNA, showing almost
unchanged absorbance of DNA. (c) Effects of chloramphenicol and
chloramphenicol-borate derivative on hemolytic activity. Effects of
chloramphenicol on hemolysis represented with black color and its
derivative with red color.
In silico analysis

It was expected that aer conversion of chloramphenicol to its
corresponding borate/boronate derivative (2 and 3 respectively),
there will be no scope for further acetylation as the –OH groups
are tied up with boron. However, we were curious to know the
binding motif of chloramphenicol vis-à-vis the derivatives 2 and
3. Thus, we have taken up the in silico approach to determine
the binding efficiency of chloramphenicol 1 and its borate
derivative 2 and chloramphenicol-phenyl boronate derivative 3
with chloramphenicol acetyl transferase. The xenobiotic acetyl
transferase from Pseudomonas aeruginosa has been used for
docking. The crystallographic structure with good resolution
(3.2 Å) of ligand bound protein has been downloaded from
RCSB protein data bank (http://www.rcsb.org). Chloramphen-
icol acetyl transferase (as receptor)–chloramphenicol (as ligand)
interaction suggests that (according to crystal structure) it gets
bound by two hydrogen bonds with Ser32 (2.04 Å) and Tyr30
18020 | RSC Adv., 2018, 8, 18016–18022
(2.05 Å) whereas both the borate and phenyl boronate deriva-
tives bind at Arg164 (Fig. 4). One of the two carbonyl oxygens
and one of the two chlorine atoms form hydrogen bond with
Arg164 in the borate complex 2. On the other hand, phenyl
boronate complex 3 shows mainly van der Waals interactions in
the most stable complex with acetyl transferase. The key
parameters of docking study are shown in Table 2. The binding
sites of acetyl transferase to chloramphenicol are Ser32 and
Tyr30 whereas the binding sites with chloramphenicol-borate
are different with Arg164 making two H-bonds alone. No
hydrogen bonding interactions was observed for phenyl boro-
nate ester. Therefore, the enzyme acetyl transferase is unable to
acetylate both borate and boronate complex.

Toxicity analysis

Chloramphenicol induces toxicity in mammalian system as
aplastic anaemia, bone marrow disorder25 and apoptosis in
hematopoietic stem cells.26 Different types of mechanism for their
toxicity have been proposed earlier.27,28 Thus it is a matter of
This journal is © The Royal Society of Chemistry 2018
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paramount importance and offers a crucial challenge to reduce the
toxicity level during the designing and synthesis of its derivatives.
Hemolytic assay was performed according to literature reported
methods29 to check the compatibility level in comparison to native
chloramphenicol. The results show that increasing the concen-
tration of chloramphenicol and chloramphenicol-borate derivate,
the hemolysis percentage was also increased. In all tested
concentrations, the hemolysis percentage for the borate 2 was
signicantly lower than chloramphenicol only (Fig. 5c). We have
also determined the genotoxic effect by studying the binding
ability of chloramphenicol 1 and chloramphenicol-borate deriva-
tive 2 to DNA using UV-Vis absorption studies.30,31 The character-
istic hypochromic shi was observed with chloramphenicol 1 only
(Fig. 5a), whereas no such effect was observed upon addition of
borate 2 (under same concentrations) to DNA (Fig. 5b). These
results indicated that compound 2 has less binding affinity to DNA
and less genotoxicity in comparison to only chloramphenicol 1.
4. Conclusions

Chloramphenicol is a bacteriostatic antibiotic that binds to the
50S ribosomal subunit and inhibits the peptidyl transferase
step in protein synthesis. Indiscriminate use of antimicrobials
led to the bacterial resistance which is mostly due to inactiva-
tion of the antibiotic by chloramphenicol acetyltransferase
(CAT) enzymes that acetylate the antibiotic. Understanding the
mechanism of bacterial resistance at the molecular level led us
to the successful design and synthesis of borate (2) and phenyl
boronate (3) derivatives of chloramphenicol, both of which
showed lower MIC values against chloramphenicol-resistant
strains than the parent drug chloramphenicol. Among the two
derivatives, the borate derivative 2 was found to be more active.
The increase in activity observed against resistant GNBs was
attributed to alteration in binding mode of this complex to the
acetyl transferase thereby preventing acetylation. The hemolytic
and genotoxic assays further established their lesser toxicity
than the parent drug (chloramphenicol). It is understandable
that sensible use of antibiotics and the search for effective
alternative measures are of high importance in order to mini-
mize the effect due to existing and emerging antimicrobial
resistant microbes. It can be expected that the results obtained
from this study will foster the research in this domain, stimu-
lating the re-design and subsequent synthetic modication of
a wide range of anti-bacterial compounds with a renewed
therapeutic interest.32
Conflicts of interest

There is no conict of interest.
Acknowledgements

P. B. is grateful to IIT Kharagpur for project fellowship. DST is
acknowledged for an SERB grant (SC/S1/OC-94/2013) and for JC
Bose Fellowship to A. B. which supported this research.
This journal is © The Royal Society of Chemistry 2018
Notes and references

1 J. Kallen and A. Srinivasan, Infect. Control Hosp. Epidemiol.,
2010, 31, S51.

2 (a) National Nosocomial Infections Surveillance (NNIS)
System, Am. J. Infect. Control, 1999, 27, 520; (b) S. B. Levy
and B. Marshall, Nat. Med., 2004, 10, S122; (c)
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