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A series of novel unique structural organophosphorus aminopyrimidines were developed as potential DNA-
targeting membrane active inhibitors through an efficient one-pot procedure from aldehydes,
phosphonate and aminopyrimidine. The biological assay revealed that some of the prepared compounds
displayed antibacterial activities. In particular, imidazole derivative 2c exhibited more potent inhibitory activ-
ity against MRSA with an MIC value of 4 ng mL™ in comparison with the clinical drugs chloromycin and
norfloxacin. Experiments revealed that the active molecule 2c had the ability to rapidly kill the tested strains
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without obviously triggering the development of bacterial resistance, showed low toxicity to L929 cells and
could disturb the cell membrane. The molecular docking study discovered that compound 2c¢ could bind
with DNA gyrase via hydrogen bonds and other weak interactions. Further exploration disclosed that the
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active molecule 2c could also effectively intercalate into MRSA DNA and form a steady 2c-DNA supramo-
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1. Introduction

The aggravating bacterial resistance against currently avail-
able antibiotics and the lack of new antibiotics have become
a major challenge in the treatment of infectious diseases.
Methicillin-resistant Staphylococcus aureus (MRSA) is one of
the most threatening drug-resistant bacteria, and often causes
an epidemic and outbreak of infection owing to its rapid
propagation and multi-drug resistance." Antibiotics approved
for treatment of MRSA infections mainly include vancomycin,
linezolid, dalbavancin, daptomycin, oritavancin, tedizolid and
ceftaroline.” Nevertheless, the reduced susceptibility to vanco-
mycin and the resistance to linezolid as well as daptomycin
have already emerged in clinical MRSA strains.” MRSA has
been listed as one of the deadliest superbugs by the World
Health Organization (WHO)." Consequently, there is an ur-
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lecular complex, which might further block DNA replication to exert powerful antibacterial effects.

gent need to develop anti-MRSA agents with a novel structure,
high efficiency and low toxicity in response to drug
resistance.

Aminopyrimidine is a two-nitrogen aromatic scaffold with
an electron-donating NH, moiety and two electron-accepting
C=N groups. This special structure can easily interact with
various biomolecules like deoxyribonucleic acid (DNA),
ribonucleic acid (RNA), enzymes and receptors with high af-
finity via intermolecular supramolecular interaction, and is
extensively employed to design molecules of biological or
pharmaceutical interest.” It is well accepted that amino-
pyrimidine types of derivatives are capable of inhibiting di-
hydrofolate reductase,® which plays a significant role in DNA
synthesis, to exhibit efficient antibacterial activities.” The hy-
bridization of the aminopyrimidine moiety with active struc-
tural fragments was found to endow these hybrids with mem-
brane active potentiality.® A lot of drugs with the
aminopyrimidine moiety are conveniently available in the
market like sulfadiazine,” rosuvastatin,'® pyrimethamine
and so on. The successful development of various amino-
pyrimidine drugs has gained increasing interest to discover
more bioactive aminopyrimidine-based drugs."?

Phosphorus, as an essential element in living organisms,
plays an important role in biosystems. The chemistry of low
valent phosphorus resembles that of carbon owing to its sim-
ilar electronegativity to carbon which makes it highly
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appropriate for synthesizing compounds in biological appli-
cations.” Organophosphorus functional groups may affect
the reactivity of heterocycles and regulate important biologi-
cal functions,™* and these compounds possess suitable bind-
ing affinities to diverse biological targets. To date, many stud-
ies have reported the biological activities of heterocycles with
organophosphorus fragments,'> and demonstrated the enor-
mous potency of organophosphorus derivatives in the antimi-
crobial aspect.

On the basis of the above considerations, and as a contin-
uous extension of our focus on the development of pyrimi-
dine derivatives'® as DNA-targeting membrane active inhibi-
tors, it is of great interest for us to combine the
aminopyrimidine and organophosphorus fragment to gener-
ate new potentially active molecules as shown in Fig. 1. The
design of target compounds was varied from the aspect of
different aromatic groups. Imidazole is a vital moiety for the
physiological action of histamine and histidine in biological
systems and its derivatives are conveniently modified by vari-
ous functional groups to produce various bioactive mole-
cules."” It is well known that phenyl groups exist in a variety
of clinical drugs and could improve the binding affinity to
targets,'® thus the five-membered structure was replaced by a
six-membered ring viz. a benzene ring with different substitu-
ents to investigate their effects on biological activity. The in-
dole nucleus belongs to a fused ring with benzene and is ex-
tensively present in natural products. A great number of
heterocycles bearing an indolyl moiety have been reported to
demonstrate an effective inhibitory profile.'® Thus, the indole
ring was incorporated into target molecules. Coumarin, as a
medicinal fragment, has been increasingly attracting special
interest due to its potential outstanding contributions to the
prevention and treatment of diseases, and related research
studies have become an extremely attractive highlight.>
Therefore, the coumarin moiety with two six-membered rings
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Fig. 1 Design of target organophosphorus aminopyrimidines.
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was used to explore the effects on biological activities as a
comparison to the indole ring. Also, carbazole with three
rings has a peculiar rigid structure and endows its derivatives
with excellent biological activity in medicinal chemistry.*"
Hence, various aromatic fragments were introduced into tar-
get compounds in order to evaluate their contribution to bio-
logical activities. It is verified that the alkyl chain is able to
exert an advantageous effect on biological potency by regulat-
ing the lipid-water partition coefficient and binding affinity
to targets, and the aliphatic chain may deeply penetrate into
the lipid bilayers of cell walls to effectively permeate the
membrane.>* Reasonably, different lengths of various alkyl
chains were incorporated into the imidazole nucleus to inves-
tigate the effects on antimicrobial activities. Meanwhile, the
phenyl moieties bearing fluoro, chloro, nitro, methyl and
methoxy groups were beneficial in regulating the pharmaco-
logical properties.”’

All the new organophosphorus pyrimidines were charac-
terized by spectral analysis and screened against microbes in-
cluding drug-resistant bacteria and fungi. The most active
compound was further investigated for the resistance devel-
opment, bactericidal kinetic behavior, cytotoxicity, bacterial
membrane permeabilization and molecular docking. The
interaction of the highly active molecule with DNA isolated
from sensitive bacteria was also investigated by fluorescence
and UV-vis absorption spectroscopy with the aim of exploring
the possible antibacterial mechanism.

2. Chemistry

An easy synthesis of target organophosphorus pyrimidines is
described in Scheme 1. The target compounds 2-4 and 6-8
were economically and conveniently prepared in yields of
31.2-66.8% by one-pot synthesis via the Kabachnik-Fields
(phospha-Mannich) reaction from commercial 2-amino-
pyrimidine, diethyl phosphonate and a variety of aldehydes
in toluene at 115 °C. However, the N-substituted imidazolyl
pyrimidines with more than six carbon chains were difficult
for us to synthesize; the reason was not clear. Phosphonate
derivatives 4a, 4e and 4f were hydrolyzed with concentrated
hydrochloric acid at 80 °C to afford the corresponding
phosphonic acid derivatives 5a-c¢ with moderate yields rang-
ing from 53.2% to 62.2%. The intermediates including
N-substituted imidazole aldehydes, indole aldehydes, couma-
rin aldehyde and carbazole aldehyde were synthesized in
good yields according to reported literature methods.>*

All the new compounds were characterized by "H NMR,
13C NMR, *'P NMR and HRMS spectroscopy. The NMR spec-
tra revealed that the PCH proton of phosphonate compounds
2-4 and 6-8 appeared as a multiplet peak at 5.74-6.66 ppm,
while the corresponding phosphonic acid derivatives 5a-c
gave a slightly upfield signal at 5.35-6.49 ppm for PCH pro-
tons. The influence of the phosphorus atom resulted in the
chemical shifts of OCH, protons in organophosphate pyrimi-
dines 2-4 and 6-8 at 3.77-4.10 ppm. The characteristic peaks
for the 4- and 6-position protons in all pyrimidine rings

This journal is © The Royal Society of Chemistry 2018
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Scheme 1 Reagents and conditions: (i) diethyl phosphonate, alkyl imidazole aldehyde, toluene, 115 °C, 5-6 h; (ii) diethyl phosphonate, propargyl
imidazole aldehyde, toluene, 115 °C, 7 h; (iii) diethyl phosphonate, phenyl aldehyde, toluene, 115 °C, 3-5 h; (iv) conc. hydrochloric acid, 80 °C, 12 h;
(v) diethyl phosphonate, indole aldehyde, toluene, 115 °C, 5-6 h; (vi) diethyl phosphonate, 2-oxo-2H-chromene-6-carbaldehyde, toluene, 115 °C, 5
h; (vii) diethyl phosphonate, 9-ethyl-9H-carbazole-3,6-dicarbaldehyde, toluene, 115 °C, 5 h.

appeared in the range of 8.21-8.57 ppm due to the electro-
negativity of nitrogen atoms at the 1- and 3-positions. The
5-position proton of the pyrimidine nucleus in molecules 2-8
gave an upfield signal ranging from 6.63 to 7.00 ppm. The
3C NMR spectrum of target phosphate compounds 2-4 and

Table 1 In vitro antibacterial data for MIC (ng mL™) of pyrimidines 2-8“<

6-8 revealed the chemical shifts of the PCH carbons at 62.5-
67.8 ppm. Interestingly, the PCH of phosphonic acid deriva-
tives 5a-c gave upfield chemical shifts at 53.3-54.3 ppm. The
carbon atoms at the 4- and 6-positions in the pyrimidine
backbone gave expected signals in the range of 160.5-164.4

Gram-positive bacteria

Gram-negative bacteria

Compds MRSA S. A. S. A. 25923 S. A. 29213 E. F. K P E. C. E. C. 25922 P. A P. A. 27853 A. B
2a 256 512 128 256 64 128 256 256 256 256 256
2b 8 256 64 128 128 64 256 128 128 128 64
2¢ 4 64 32 64 8 8 128 16 64 64 32
3 128 64 32 256 256 256 256 128 256 256 128
4a 128 256 8 256 32 256 256 128 256 16 128
4b 8 64 8 64 32 64 256 16 64 8 64
4c 8 128 128 128 128 32 256 64 128 128 128
4ad 64 256 64 256 32 128 512 256 256 8 128
4e 256 256 64 256 64 128 256 256 128 64 128
af 128 256 16 256 8 128 256 128 256 64 128
4ag 256 256 64 256 64 256 256 256 128 4 128
5a 128 128 128 128 128 256 128 128 128 256 256
5b 128 256 128 256 256 256 256 128 256 128 256
5¢ 256 256 128 256 256 128 128 256 128 256 256
6a 4 256 256 128 256 64 256 256 256 256 128
6b 4 64 64 256 128 64 256 256 256 128 64
7 256 128 64 128 512 512 512 256 64 512 64
8 128 256 256 256 16 256 512 256 256 256 128
A 16 8 8 4 8 8 32 16 32 8 16
B 8 0.5 1 2 4 4 16 8 2 0.5 8

“ Minimum inhibitory concentrations (MIC, g mL™") were determined by the microbroth dilution method for microdilution plates.

methicillin-resistant Staphylococcus aureus; S. A., Staphylococcus aureus; S.

b MRsA,
A. 25923, Staphylococcus aureus ATCC 25923; S. A. 29213, Staphylococ-

cus aureus ATCC 29213; E. F., Enterococcus faecalis; K. P., Klebsiella pneumonia; E. C., Escherichia coli; E. C. 25922, Escherichia coli ATCC 25922;
P. A., Pseudomonas aeruginosa; P. A. 27853, Pseudomonas aeruginosa ATCC 27853; A. B., Acinetobacter baumannii. © A = chloromycin, B =

norfloxacin.

This journal is © The Royal Society of Chemistry 2018
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ppm. The 5-position carbon of the pyrimidine ring displayed
a chemical shift at 158.4-163.4 ppm. In the *'P NMR spectra,
the alkyl imidazole derivatives 2a-c gave a phosphorus singlet
at about 19.5 ppm, and the substitution of the propyl moiety
by the propargyl group resulted in a downfield phosphorus
chemical shift at 22.2 ppm for compound 3. In comparison
with alkyl imidazole derivatives 2a-c, all the phenyl deriva-
tives 4a-g gave a downfield signal at 20.5-22.3 ppm. How-
ever, when the ethyl group was removed from phosphates 4a,
4e and 4f, the corresponding phosphonic acids 5a-¢ gave up-
field peaks for phosphorus NMR signals at 15.2-17.3 ppm.
The obtained HRMS data were in very good agreement with
the assigned structures. Some representative spectra are pro-
vided in the ESL}

3. Results and discussion
3.1 Biological activity

3.1.1 Antibacterial activities. All the synthesized organo-
phosphorus pyrimidines were evaluated for their anti-
microbial activities in vitro. The obtained results as
depicted in Table 1 showed that most of the prepared
compounds exhibited antibacterial activity against the
tested strains.

The length of the alkyl chain was found to affect the anti-
bacterial activity; the introduction of an alkyl chain in imid-
azole aldehyde yielded target compounds 2a-c¢ with weak to
good inhibitory activity. With the increase of the alkyl chain
length, compound 2b exerted equivalent or superior anti-
MRSA activity with an MIC value of 8 ug mL™ to norfloxacin
(MIC = 8 pg mL™) and chloromycin (MIC = 16 ug mL™"). No-
tably, molecule 2c¢ gave broad spectrum and better anti-
bacterial activities in comparison with the other alkyl ones,
especially towards Gram-positive bacteria MRSA, Enterococcus
faecalis and Gram-negative bacteria Klebsiella pneumonia with
MIC values of 4, 8 and 8 ug mL™", respectively, which
displayed comparable or even superior inhibitory activities to
standard drugs chloromycin and norfloxacin. These results
preliminarily demonstrated that the increase of the alkyl
chain length was favorable for bioactivity. The poor lipophi-
licity of imidazolyl organophosphorus pyrimidines with short
alkyl chains might make them difficult to be delivered to the
binding sites and result in weak antibacterial effects. Regret-
tably, target compounds with longer carbon chains at the
N-imidazole ring were not obtained in our synthesis, and
more work will be necessary to explore the effects of longer
carbon chains on biological activities.

The substitution of the propyl group by the propargyl moi-
ety in imidazole 2b resulted in decreased activities for
propargyl imidazole derivative 3 against most of the standard
strains, except for Staphylococcus aureus and Staphylococcus
aureus ATCC 25923. In particular, compound 3 gave a lower
anti-MRSA potency (MIC = 128 ug mL™), 16-fold less potent
than molecule 2b (MIC = 8 ug mL™"). These studies disclosed
that the propargyl group was not conducive to antibacterial
activities.
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In comparison with the organophosphorus imidazole py-
rimidine 2, some of the phenyl ones 4a-g exerted comparable
or even superior inhibitory activities against some of the tested
bacteria. The antibacterial potency of 4-nitrophenyl compound
4a towards Staphylococcus aureus ATCC 25923 was equivalent
to the reference drug chloromycin (MIC = 8 pg mL ™). It was
noteworthy that 2,4-dichlorophenyl compound 4b showed a
broad antibacterial spectrum and good activities with MIC
values of 8-32 pg mL™ against MRSA, Staphylococcus aureus
ATCC 25923, Enterococcus faecalis, Escherichia coli ATCC 25922
and Pseudomonas aeruginosa ATCC 27853. In particular, it was
observed that 2-chlorophenyl compound 4c exhibited better
anti-MRSA activity with an MIC value of 8 pg mL™ than
chloromycin (MIC = 16 ug mL "), and 4-chlorophenyl molecule
4d was effective in inhibiting the growth of Gram-negative bac-
teria Pseudomonas aeruginosa ATCC 27853 at low concentra-
tions (MIC = 8 pg mL™"). Moreover, 4-methylphenyl derivative
4f could inhibit the growth of Enterococcus faecalis with an
MIC value of 8 ug mL™". Noticeably, 4-methoxyphenyl deriva-
tive 4g showed better anti-Pseudomonas aeruginosa ATCC
27853 activity with a MIC value of 4 ug mL™, which was su-
perior to the standard drug chloromycin (MIC = 8 ug mL™).
These results suggested that a chloro atom at the
ortho-position on the phenyl moiety was beneficial for the
biological activities towards MRSA and a chloro atom at the
para-position on the phenyl moiety was more helpful for the
inhibition of the Pseudomonas aeruginosa ATCC 27853 strain.
However, the hydrolyzed pyrimidines 5a-c¢ showed nearly no
significant inhibitory potential against any of the tested bac-
teria with MIC values greater than 128 ug mL™".

Indolyl aminopyrimidines 6a and 6b displayed superior
antibacterial efficacies against MRSA, both with MIC values
of 4 ug mL™, to chloromycin (MIC = 16 ug mL™") and norfl-
oxacin (MIC = 8 ug mL™"), but gave fairly poor antibacterial
potencies with MIC values in the range of 64-256 ug mL ™" to-
wards the other bacterial strains. Coumarin derivative 7
exhibited decreased activities in comparison with the indolyl
one 6. Furthermore, carbazole compound 8 displayed weak to
moderate bioactivity, except for anti-Enterococcus faecalis ac-
tivity (MIC = 16 pg mL™"). These results suggested that the
enlargement of the aromatic structures was unfavorable for
the bioactivities of the target compounds.

3.1.2 Antifungal activities. The antifungal evaluation
in vitro revealed that most of the target compounds showed
inferior antifungal efficiency in comparison with fluconazole,
except for Aspergillus fumigatus as shown in Table S1.f Among
these pyrimidine derivatives 2-8, the phenyl derivatives 4a-g
gave weak to good inhibitory potentiality against Aspergillus
fumigatus with MIC values greater than 16 pg mL™", which
gave 16-fold more potent antifungal efficacy than the refer-
ence drug fluconazole (MIC = 256 ug mL™"). Noticeably, Can-
dida albicans ATCC 90023 was sensitive to compounds 4b
and 4d with a MIC value of 8 ug mL™; this might suggest
that a chloro atom at the para-position of the phenyl ring
exhibited a positive effect in inhibiting the growth of Candida
albicans ATCC 90023.

This journal is © The Royal Society of Chemistry 2018
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3.2 Resistance study

MRSA has become one of the most challenging nosocomial
pathogens in clinics due to the emergence and contagion of
antibiotic resistance.” It is extremely significant to investi-
gate the propensity of novel promising drug candidates for
inducing bacterial resistance. Consequently, the drug resis-
tance study of the active molecule 2c towards MRSA was
done, and clinical antibacterial norfloxacin was used as a
positive control. As shown in Fig. 2, it is more difficult for
MRSA to develop resistance to the active compound 2c¢ in
comparison with the clinical drug norfloxacin even after 16
passages, and it was observed that there was no obvious trig-
gering of the development of bacterial resistance for the ac-
tive molecule 2c.

3.3 Bactericidal kinetic assay

It is urgent to discover rapidly and efficiently antibacterial
agents to overcome bacterial resistance.>® A time-kill kinetics
assay of the highly active molecule 2¢ towards the MRSA
strain was carried out to identify the antibacterial potency of
the synthesized compound.®” Fig. 3 shows that compound 2¢
exhibited more than 3 log (CFU mL™") reduction in the num-
ber of viable bacteria within one hour at a concentration of 6
x MIC. Therefore, it could be interpreted that compound 2c¢
had a rapid killing effect against the MRSA strain.

3.4 Cytotoxicity

Cytotoxicity is one of the most essential criteria to screen po-
tential bioactive molecules.”® The active molecule 2c was fur-
ther examined for its cytotoxic properties against normal
mouse fibroblast 1929 cells (Boster Biological Technology Co.
Ltd, Tianjin, China). Fig. 4 shows the in vitro cytotoxicity of
compound 2c¢ against L929 cells which was evaluated by the
MTT assay. As shown in Fig. 4, the cell viability of pyrimidine
2¢ towards L929 cells was at least 80% within the concentra-
tion of 128 ug mL™", and it revealed that compound 2c
displayed relatively low toxicity to L929 cells within the MIC
values.

300

250 —m— Active compound 2¢ °o—o—o
—e— Norfloxacin |

200 -

150 |

MIC (pg/mL)

100 -

50 - /

ol 2-g-g-"-g g 8 g 8 5 =—n—u"u"

0 2 4 6 8 10 12 14 16
Passages

Fig. 2 Drug resistance test for the active molecule 2c towards the
MRSA strain.
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Fig. 3 Time-kill kinetics of the active molecule 2c (6 x MIC) against
MRSA.

3.5 Bacterial membrane permeabilization

The bacterial membrane, as a significant and intriguing anti-
bacterial target, has been studied. Propidium iodide (PI) dye
is a fluorescent dye used to detect the ability of biocides to
permeabilize the cytoplasmic membrane of bacteria.”® This
dye can pass through the membrane of compromised bacte-
rial cells and fluoresces upon binding to the DNA.*° In Fig. 5,
the rapid fluorescence intensity enhancements of the mix-
tures of compound 2c¢ and PI-treated MRSA appeared and be-
came steady after 70 min; this illustrated that the tested com-
pound 2c could efficiently interfere with the membranes of
MRSA.

3.6 Molecular docking

To further gain insight into the binding interactions of these
organophosphorus pyrimidines, docking studies were then
carried out to examine the docking pose of compound 2¢ into
the gyrase-DNA complex. The crystal structure data was
obtained from the protein data bank (PDB code: 2XCS),
which was a representative target used to investigate the anti-
bacterial mechanism.*! Fig. 6 and S1 (ESIt) revealed the su-
pramolecular interaction of compound 2c¢ with the gyrase-
DNA receptor. It is reasonable to explain the possible anti-
bacterial mechanism of the interaction between imidazole 2c
and the gyrase-DNA complex by this docking result. The
docking mode gave the lowest binding energy values of —9.55
kcal mol™ (R-enantiomer) and -7.63 kcal mol™ (s-
enantiomer), which indicated that the R-enantiomer of

100 + [ Active molecule 2¢

S (o2} o]
o o o
T T T

Cell viability (%)

N
o
T

0 4 8 16 32 64 128 256 512
Concentration of compounds (ug/mL)

Fig. 4 Relative cell viabilities of the active molecule 2c in L929 cells.
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Fig. 5 Bacterial membrane permeabilization of compound 2c (12 x
MIC) against the MRSA strain.
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Fig. 6 Supramolecular binding of compound 2c docked in the
bacterial DNA-gyrase complex (PDB code: 2XCS).

molecule 2¢ was a more favorable stereoisomer in inhibiting
the function of DNA gyrase. As shown in Fig. 6, the hydrogen
atom of the NH group at the 2-position on aminopyrimidine
was in close proximity to the ASP1083 residue of gyrase
through two hydrogen bonds with a distance of 1.9 A, which
illustrated the necessity of the NH group for increased bioac-
tivity. Meanwhile, other two hydrogen bonds were formed by
compound 2c¢ with the ASP1083 residue through the oxygen
atom of the OCH,CHj; fragment and the nitrogen atom of the
imidazole ring. Furthermore, electrostatic interactions existed
between the aromatic ring and imidazolyl fragments of com-
pound 2c¢ and residues MET1121, ASP1083, ALA1120 and
ARG1122 in DNA gyrase. All of these cooperative bindings
might be beneficial in stabilizing the 2c-enzyme-DNA supra-
molecular complex, which might be responsible for the good
inhibitory efficacy of compound 2c¢ against the tested strains.

3.7 Interactions of the active molecule 2¢ with MRSA DNA

Bacterial DNA, as a selected therapeutic target, has drawn in-
creasing attention in finding potent antibacterial agents due
to its function of encoding genetic instructions.>” The pyrimi-
dine nucleus can interact with DNA, thus it is of interest for
us to explore the possible antimicrobial action mechanism.
Thus, MRSA DNA was isolated from MRSA strains and its
binding behavior with the active molecule 2c was investigated
at the molecular level in vitro using neutral red (NR) dye as a
spectral probe by UV-vis absorption spectroscopy.

1534 | Med. Chem. Commun., 2018, 9, 1529-1537
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3.7.1 Absorption spectra of MRSA DNA in the presence of
the active molecule 2¢c. Absorption spectroscopy plays a vital
role in DNA-binding studies.>® Due to the stacking interac-
tion between an aromatic chromophore and the base pairs of
DNA, the absorbance spectrum will show hyperchromism
and hypochromism when a compound binds to DNA. With a
fixed concentration of DNA, UV-vis absorption spectra were
recorded with successively increasing amount of the active
compound 2c. The inset in Fig. 7 shows that the absorption
peak of DNA at 260 nm exhibits a gradual increase and slight
red shift with increasing concentration of compound 2c. Fur-
thermore, the measured absorption values of the simple sum
of free DNA and free compound 2c¢ were obviously higher
than that of the DNA-2c complex, which illustrated that a hy-
pochromic effect existed between MRSA DNA and molecule
2¢. According to the values from the UV-vis spectra, pyrimi-
dine 2¢ could actually interact with MRSA DNA, and thus the
binding mode of compound 2c with MRSA DNA deserved to
be further investigated.

On the basis of the variations in the absorption spectra of
MRSA DNA upon binding to molecule 2¢, eqn (1)** can be
utilized to calculate the binding constant (K):

A’ Sc Sc 1

0 0o + x
A=A & —& &h—&c K[Q]

(1)

where A° and A represent the absorbance of MRSA DNA at
260 nm in the absence and presence of compound 2c¢, and &¢
and &p_c are the absorption coefficients of compound 2c and
the DNA-2¢ complex, respectively. The plot of A%/(A — A°)
versus 1/[compound 2c] is constructed by using the absorp-
tion titration data and linear fitting in Fig. 8, yielding the
binding constant, K = 6.84 x 10° L, mol™, R = 0.9989, SD =
0.0280 (R is the correlation coefficient, and SD is the stan-
dard deviation).

3.7.2 Absorption spectra of NR interaction with MRSA
DNA. Neutral red (NR) is a planar phenazine dye and is
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Fig. 7 UV absorption spectra of MRSA DNA with different
concentrations of compound 2c (pH = 7.4, T = 287 K). Inset:
Comparison of absorption at 260 nm between the 2c-DNA complex
and the sum values of free DNA and free compound 2c. ¢ (DNA) =
7.44 x 107 mol L™}, and ¢ (compound 2c) = 0-3.50 x 10™> mol L™ for
curves a-h, respectively, at an increment of 0.5 x 107>,
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Fig. 9 UV absorption spectra of the competitive reaction between
compound 2c and NR with MRSA DNA. ¢ (DNA) = 7.44 x 107> mol L%,
c (NR) = 2 x 10™°> mol L%, and ¢ (compound 2¢) = 0-3.50 x 10> mol L™*
for curves a-h, respectively, at an increment of 0.5 x 107°. Inset:
Absorption spectra of the system with increasing concentration of
compound 2c in the wavelength range of 350-600 nm and absorption
spectra of the competitive reaction between compound 2c and NR
with DNA.

structurally similar to other planar dyes like acridine, thia-
zine and xanthene;*” it possesses the following advantages:
low toxicity, high stability and convenient application.’® It
has been shown that the binding mode of NR with DNA is of
the intercalative binding type by spectrophotometric and
electrochemical techniques. Therefore, NR was used as a
spectral probe to study the binding mode of molecule 2¢ with
MRSA DNA in this work. As shown in Fig. S2 (ESIT), a gradual
decrease with increasing concentration of MRSA DNA in the
intensity of the absorption peak of NR around 455 nm was
observed, and a new band around 530 nm was developed,
which should be attributed to the formation of a new DNA-
NR complex. This was further confirmed by the isosbestic
point at 504 nm.

3.7.3 Absorption spectra of the competitive interaction of
active molecule 2c and NR with MRSA DNA. The absorption
spectra of the competitive binding between NR and com-
pound 2c¢ with MRSA DNA were obtained. Fig. 9 shows an ob-
vious increase in the developing band around 455 nm, but
the maximum absorption around 530 nm of the DNA-NR
complex is decreased. The spectra in the inset in Fig. 9 show
the reverse process in comparison with the absorption band

This journal is © The Royal Society of Chemistry 2018
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at around 455 nm of the free NR in the presence of increas-
ing concentrations of MRSA DNA (Fig. S2 (ESI})). The results
indicated that the active compound 2c¢ intercalated into the
double helix of MRSA DNA by substituting for NR in the
DNA-NR complex.

4. Conclusion

In conclusion, a series of novel organophosphorus pyrimi-
dines as unique structural DNA-targeting membrane active
inhibitors were successfully synthesized through a convenient
and efficient strategy from 2-aminopyrimidine, phosphonate
and aromatic aldehydes. Their structures were characterized
by '"H NMR, *C NMR, *'P NMR and HRMS spectroscopy.
Some of the target molecules could selectively and effectively
inhibit the growth of some of the tested strains. Imidazolyl
pyrimidine 2c gave a broad antibacterial spectrum. In partic-
ular, compound 2c¢ exhibited stronger activity against MRSA
with a MIC value of 4 ug mL™" in comparison with standard
drugs chloromycin and norfloxacin. Further study revealed
that active compound 2c¢ was able to disturb the cell mem-
brane and exhibited low toxicity against L929 cells. In addi-
tion, molecule 2¢ could not only rapidly kill the tested strains
but also effectively control the development of bacterial resis-
tance. The molecular docking study revealed that compound
2¢ could bind with DNA gyrase by the formation of hydrogen
bonds. This preliminary research revealed that a steady com-
plex could be formed by intercalation of compound 2c¢ with
MRSA DNA which might be responsible for the potent bioac-
tivity. All the results revealed that imidazolyl derivative 2c
might serve as a DNA-targeting membrane active inhibitor to-
wards MRSA strains.
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