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The emergence and spread of resistant strains of Klebsiella pneumoniae leads to a decrease in the effective-
ness of antibiotics currently used in therapeutic practice. The search for new drugs against this dangerous
pathogen is conducted in several directions, including targeted synthesis of new substances with
anti-klebsiellosis activity; the search for new targets for the action of potential drugs, including on the basis of
metabolic modeling on the scale of the K. pneumoniae genome; screening for antibiotic resistance; identifica-
tion of potential virulence factors; and a number of other approaches. This review analyzes and summarizes
literature data over the past 10 years on the synthesis and study of potential drugs against K. pneumoniae using
both an empirical approach and molecular docking.

Keywords: anti-klebsiellosis activity; K. pneumoniae; resistance; functionally substituted N,O,S-containing
heterocyclic compounds; complexes of Schiff bases and other organic ligands with metal ions; functionally
substituted aromatic compounds; molecular docking, metabolic modeling on the genome scale.

Klebsiella pneumoniae is one of the five most deadly bacteria for people. Greater than 500,000 deaths from pneumonia were
attributed to it in 2019 [1]. It becomes highly virulent and quickly acquires resistance to antibiotics upon entering the blood pool.

K. pneumoniae is a species of Gram-negative facultative anaerobic conditionally pathogenic bacteria. It is rod-shaped with
dimensions of 0.5—-0.8 um by 1 —2 um and is found in the normal microflora of human intestines, skin, and oral cavity.
K. pneumoniae does not form spores, is immobile, and can develop capsules. It occurs solitary, pairwise, and in clusters.

K. pneumoniae can form biofilms. Biofilms are involved in a minimum of 60% of all cases of chronic and recidivous infec-
tions. Bacterial biofilms are shielded from the effects of stressful situations, including the action of antibiotics. Eventually, some
of the most alarming consequences for medicine occur, i.e., resistance to antibiotics and antimicrobial agents and ineffective
treatment [2].

Many outbreaks of hospital infections are known to be caused by K. pneumoniae, being especially aggressive for newborns
and resuscitated geriatric patients. Many strains of K. pneumoniae produce B-lactamases, enzymes with broad spectra of action
that promote resistance to antibiotics used to battle these infections. The presence of other factors leading to multidrug resistance
limit the therapeutic possibilities and the use of last-line drugs such as polymyxins, which also is common. The global emer-
gence and spread of resistant strains emphasize the need for novel antimicrobial drugs against K. pneumoniae and the bacterial
pathogens associated with them [3, 4].

The increase in the drug resistance of many microorganisms pathogenic for humans requires the development of new drugs.
The search for new efficacious drugs against K. pneumoniae is an urgent task and a timely research area.

Functionally substituted and hybrid V,0,S-containing heterocyclic compounds

The search for new compounds exhibiting antimicrobial activity against K. pneumoniae is currently a vigorous effort. Vari-
ous heterocyclic compounds exhibit such activity. They include derivatives of enrofloxacin [5], indolylmethylenebenzo-
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[H]thiazolo[2, 3]quinazolines (1) (Scheme 1) [6], hydrazones prepared by nucleophilic addition of benzotriazole acetic acid
hydrazide to substituted benzaldehydes [7], 5-[4-(3-phenyl-4, 5-dihydro-1H-pyrazol-5-yl)phenyl]-1H-tetrazoles, and hybrids
based on 4-substituted quinoline and functionally substituted bis-arylimidazole [8].

Scheme 1
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a: poly(4-vinylpyridinium) hydrogen sulfate, 120°C, 10 — 20 min; b: 2-chloro-N-phenylacetamide, HOAc, reflux, 4 — 6 h; c: 1H-indole-3-car-
baldehyde, EtOH, Pip, reflux, 2 — 4 h.

Ionic liquids based on imidazole, pyridine, and pyridazine [9 — 11]; heterocyclic sulfanilamide derivatives [12, 13];
bis-heterocycles bonded through various bridging groups [14]; aminoglycoside derivatives [15]; hybrid indanedione
heterocycles with dispirooxindolopyrrolidine [16]; 7-amino-3-methyl-8-0x0-5-thia-1-azabicyclo[4.2.0]oct-2-ene-2-carboxylic
acid [17]; oligosaccharides structurally related to galactan I and galactan II [18]; and piperine analogs [19] exhibited significant
activity against K. pneumoniae.

Compounds with oxazole [20]; 1,2,4-triazole [21, 22]; pyrrolopyrimidine-4-thione [23]; 1,2,3-triazole [24, 25]; oxazepane
[26]; 1,4-dihydro-1,8-naphthyridine [27]; thiazole [28 —34]; pyrimidine [35 —39]; imidazole [40, 41]; thienopyridine [42];
quinoline [20, 43, 44]; quinazoline [45]; pyrazoline [46]; pyrazole [39, 47]; imidazopyridine (purine) [48]; pyran [38]; indole
[46, 49, 50]; and chromen-2-one fragments [24, 50, 51] were also active against K. pneumoniae. Scheme 2 illustrates the synthe-
sis of benzoxazole derivatives 2.

Scheme 2
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2
a: polyphosphoric acid; b: 10% Pd(C, H,, EtOH; c: NiCl,-6H,0, Zn, MeOH.

Electron-accepting groups (NO,, Cl, Br) were found to increase the antimicrobial activity of benzoxazole derivatives against
P aeruginosa, K. pneumoniae, S. typhi, and A. niger [52].

Syntheses of chalcones 3 with indole and pyridine fragments (Scheme 3) [49] and chalcones with a chromen-2-one fragment
4 (Scheme 4) [51] have been discussed. Their activity against K. pneumoniae was studied.
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Farhan, et al. synthesized bis-heterocyclic derivatives 5§ — 7 from bis-chalcones (Scheme 5) [53].

Scheme 5

Compound 7 showed the best biological activity of the three compounds against E. coli, K. pneumoniae, and S. aureus, pos-
sibly because of the dihydrooxazepine fragment, which affects the metabolic activity of bacterial cells.

Various hybrid heterocyclic compounds are highly interesting as antimicrobial compounds. Alaqgeel, et al. reported the
three-component synthesis of a new class of dispirooxindoles 8 via condensation of isatin, arylidene 1,3-indanedione, and
L-phenylalanine with refluxing for 24 h in MeOH and studied their antimicrobial activity against K. pneumoniae ATCC 13883
(Scheme 6) [54]. The reference drug was ciprofloxacin. Compounds 8a-d were studied at concentrations from 0.1 to
0.015 mg/mL.
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Compound 8b was found to possess the greatest activity against the studied K. pneumoniae strain (MIC
0.030 — 0.070 mg/mL). Literature data on the synthesis and assessment of the biological activity, including activity against
K. pneumoniae, of heterocyclic hybrids in which an imidazole fragment was condensed with a carbo- or heterocyclic subunit
have been reviewed [55].

Dispirooxindolopyrrolidine 9 was prepared by three-component condensation of acenaphthenone with L-phenylalanine and
(Z)-3-[2-(4-chlorophenyl)-2-oxoethylidene]indolin-2-one (Scheme 7). It was shown to possess a broad spectrum of activity
against various pathogens, including K. preumoniae [56].

Scheme 7

Cyclic a-aminophosphonates (10) exhibiting activity against K. pneumoniae were prepared by a three-component reaction
of glutaraldehyde with various diamines and triphenylphosphite in the presence of LiC1O, in MeCN (Scheme 8) [57].

Scheme 8
PN _R CH3CN/ LiCIO, RN
OHC CHO +H,N NH, + P(OPh), > H,N
A
R: -, (CH2)2, (CH2)3, 3-C6H4’ 4-C6H4 PhO OPh
10

Schiff bases with a 4-aminoantipyrine (pyrazolone) moiety (11) and anti-klebsiellosis activity were synthesized (Scheme 9)
[58].

Scheme 9
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a: anhydr. EtOH, H', 1 =2 h.

Coumacine compounds 12 were obtained from coumarin via sequential reduction, reaction with base, and cyclization using
diiodomethane (Scheme 10) and exhibited antimicrobial activity against K. pneumoniae. This synthetic pathway to coumacine
compounds was previously proposed [59]. Coumacine 12 (R! = R? = CH,) was most active against K. pneumoniae.
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The antimicrobial activity against K. pneumoniae of pyrano[2,3-d]pyrimidine, benzothiazolepyrimidine derivatives, triazole
7-(trifluoromethyl)pyrido[2,3-d|pyrimidine derivatives, imidazo[1,2-a]pyrimidine compounds, and thiazolo[3,2-a]thiochrome-
no[4,3-d]pyrimidine derivatives has been proved [60 — 62]. Antimicrobial activity against experimental septic infection was es-
tablished for 6-nitro-1,2,4-triazolo[ 1,5-a]pyrimidine analogs [63].

Thus, a literature analysis showed that the search for compounds with anti-klebsiellosis activity is being conducted most ex-
tensively among hybrid heterocyclic compounds with various N,0,S-containing rings.

Complexes of Schiff bases and other organic ligands with metal ions

A method for preparing metal complexes of Schiff bases by reacting metal chlorides [Fe(Il), Co(II), Ni(II), Cu(II), Zn(II)]
with 1,3-diaminopropane and 2-acetylpyrrole in EtOH was developed. All complexes exhibited significant antimicrobial activity
against several microorganisms, including K. pneumoniae, particularly the Cu complex, which was almost as active as the stan-
dard drug ciprofloxacin [64].

Complexes of Pd(II) and Cu(Il) with Schiff bases of more complicated structures were also studied [65]. Studies of the
antimicrobial activity showed that all synthesized complexes possessed better or similar activity as the reference drugs
sulfamethoxazole and sulfisoxazole.

Kumar, et al. synthesized metal complexes [Ni(Il), Cu(Il), Zn(II), Pd(II)] with Schiff bases based on an imidazole ring and
Cu(II) complexes with bidentate Schiff bases and many other Schiff bases acting as ligands of various heterocyclic structures
[66]. Dimethylgallium quinolinate complexes were prepared [67]. Metalloporphyrins 13 were prepared by linking pyrrole with a
substituted benzaldehyde (methyl 4-formylbenzoate) in CH,Cl,, 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ), and Et,O
followed by metallization using an M(II) salt (Scheme 11). They were highly active against K. pneumoniae [68].

Scheme 11
R
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M: Fe, Co, Ni, Zn R
R: -(p-COOMe)Ph 13

a: CH,Cl,, DDQ, Et,0; b: M(II) salt.

A mixed complex of Ru(IIl) with 1,10-phenanthroline and guanidine as ligands [69] was synthesized and had activity close
to those of ciprofloxacin and chloramphenicol.

Complexes of V(IV), Fe(Il), Co(II), Ni(Il), Cu(Il), and Zn(II) with ligands of sulfonamide derivatives [70]; Cu complexes
with 2-acetylpyridine-N-substituted thiosemicarbazone ligands [71]; a Pd complex with 3,3'-bis(1,1’'-dinaphthylcamphopyra-
zole); a Mg complex with tetrapyrazinoporphyrazine [72]; and Ag(I) and Cu(Il) complexes with 1,10-phenanthroline-5,6-dione
[73] have been obtained. Their activity against K. pneumoniae has been studied.

Complexes 14 of Co(Il) with 5-(4-arylazo)-2-thioxothiazolidin-4-one that exhibited activity against K. pneumoniae were
synthesized (Scheme 12) [74].
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Rifampicin-conjugated silver nanoparticles [75] prepared using purified capsular polysaccharide from K. pneumoniae
ATCC 70063 [76] and gold nanoparticles prepared from Au(Ill) chloride and intracellular material [77] have been investigated.

Functionally substituted aromatic compounds

Polyionenes 15 are antimicrobial polymers containing robust amide residues of bis-halide monomers and
tetramethyl-1,3-diaminopropane that were synthesized according to Scheme 13 [78].
Scheme 13
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Multiple use of imipenem and gentamicin was found to promote the development of drug resistance in K. pneumoniae,
while repeated use of polyionenes did not cause resistance development because of the antimicrobial mechanism that destroyed
the membrane. The polymer demonstrated a lower effective dose than imipenem with lung infection caused by pneumonia with
insignificant systemic toxicity. Treatment with the polymer significantly decreased lung injury, markedly reduced the number of
K. pneumoniae in blood and major organs, and reduced lethality.

Peptide conjugates of nucleic acids were prepared by microwave solid-phase synthesis and were highly active against
K. pneumoniae [79]. The peptide Mo-CBP,-Pepl [80], phosphinothricin peptide derivatives [81], and other peptides [82 — 84]
have been synthesized.

Addition of aryl groups to an aporphine alkaloid structure was shown to increase the sensitivity of K. pneumoniae to the an-
tibiotic colistin [85].

Synthesis and molecular docking of compounds with potential anti-klebsiellosis activity

Molecular docking of promising compounds with respect to suppression of K. pneumoniae growth garners a significant part
of research on the development of new antimicrobial drugs. An approach based on metabolic modeling on the genome scale is
also highly promising [86, 87] and is widely used to reveal drug targets on a systemic level for various pathogens, including var-
ious K. pneumoniae strains [88, 89], and to search for suitable inhibitors among available compounds in chemical libraries.
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Molecular docking can be used to investigate the mechanism of interaction between compounds and a protein. Higher bind-
ing affinity between a protein and drug can help the drug to exhibit higher efficacy. The high affinity of tested compounds for se-

lected biotargets was justified using molecular docking [90 — 97].
Kumar, et al. found that 1-dimethylsulfamoylpyrrolidine-2-carboxylic acid (16) showed high binding affinity with the target

being analyzed, i.e., protein INPB [90]. Visualization of the interacting amino acids within 4 A showed the formation of an
equal number of H-bonds between the fosfomycin(1NPB and 16(1NPB complexes and an equal number of hydrophobic (3) and
polar (2) interactions of the amino acids. The binding energy of 16 ((5.06 kcal/mol) was found to correlate with its antibacterial

activity as compared to fosfomycin ((4.63 kcal/mol).
Cordeiro, et al. synthesized N-(4-fluoro-3-nitrophenyl)acetamide (17) and 2-chloro-N-(4-fluoro-3-nitrophenyl)acetamide

(18) and established that 18 was more active against K. pneumoniae [91]. Molecular docking with transferases
[glucosamine-6-phosphate synthase (2VF5), FosA (5V3D), penicillin-binding protein 1b (PBP1b, SHLA), and K. pneumoniae
fosfomycin-resistant protein FosAKP (6C3U)], hydrolases [B-lactamase (2ZD8) and penicillin-bonding protein 3 (PBP,,
3PBS)], DNA-gyrase (1AJ6), and topoisomerase IV (1S14) was performed to reveal possible molecular targets at which 17 and
18 interact to manifest an antibacterial effect and to study the effect of a Cl atom on the molecular binding to the enzyme-target
active side. Compound 18 showed the best binding energies as compared to 17 for all tested enzymes. This indicated that the Cl
atom facilitated more effective binding of the molecule to various protein active sites.

Derivatives of spiroindoline-3,5'-pyrrolo[ 1, 2-c]thiazole (19) were synthesized via a multicomponent reaction of substituted
isatin, sarcosine, and a 2-arylacrylic acid derivative using 2,2,2-trifluoroethanol (TFE) as the solvent (Scheme 14) [92].

Scheme 14
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a: TFE, MW, 5 — 10 min.

Compound Y z Time (min) Yield (%)
19a COOEt 2-thiophenyl 7 91
19b COOEt 2-Cl, 6-F 6 92
19¢ CN 3,4-Cl 9 89
19d CN 4-NO2 8 88

All obtained compounds were studied for antimicrobial activity as compared to the standard drugs gentamicin and
ampicillin. Compound 19¢ was found to have high antimicrobial activity against K. pneumoniae (0.005 pg/mL). Molecular

docking of the synthesized compounds used protein NDM-1 as the target. The docking calculations indicated a strong affinity of

19c¢ for protein NDM-1.
Compounds 20 and 21 with a piperazine moiety were synthesized (Fig. 1) [93].
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Fig. 1. Derivatives of 4-oxo-1,4-dihydroquinoline-3-carboxylic acid (20 and 21).

Almost all studied compounds showed binding to DNA-gyrase analogous to binding of moxifloxacin. Hydrophobic interac-
tions with DNA bases (adenine and guanine) were observed. H-bonds between the compounds and Ser84/Glu88 were also de-
tected.
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Various derivatives with an aminothiazolyl norfloxacin moiety were synthesized. Compound 22 was found to be most active
(Fig. 2). Its antimicrobial activity against K. pneumoniae and inhibitory activity against DNA-gyrase were investigated. Docking
in the complexes with DNA-topoisomerase [V and DNA-gyrase was studied [94].

S
P ] )—NH,
N
|
ﬁN N
NC._N i, o
22

Fig. 2. 2-{4-[3-(2-Aminothiazol-4-yl)-1-ethyl-6-fluoro-4-oxo-1,4-dihydroquinolin-7-yl]piperazin-1-yl}acetonitrile (22).

The ability of K. pneumoniae to develop drug resistance to highly active compound 22 was tested in this study using the
standard drug norfloxacin as a control. The susceptibility of K. pneumoniae to 22 remained almost unchanged even after 10
reinoculations, while the MIC of norfloxacin against K. pneumoniae sharply increased after several reinoculations, indicating
that K. pneumoniae more difficultly developed resistance to 22 than to the standard drug norfloxacin. A kinetic experiment using
22 against K. pneumoniae showed that the number of viable bacteria decreased by >2.5 log units (CFU/mL) during one hour at a
concentration of 4xMIC.

Bacterial DNA-gyrase included in topoisomerase enzymes of type IIA bacteria controls the topological state of DNA during
transcription, replication, and recombination and is known as a confirmed target for aminocoumarin and quinolone antibiotics.
The analog of aminothiazolyl norfloxacin 22 and the standard drug norfloxacin were selected for studies of their inhibitory ac-
tivity against E. coli DNA-gyrase. Compound 22 was found to exhibit good inhibitory activity against DNA-gyrase
(IC,,=16.7 uM) and was more effective than the reference drug norfloxacin (IC,; = 18.6 uM). This indicated that replacement
of the carboxylic group by a weakly basic 2-aminothiazole moiety could cause antibacterial activity analogous to that of
norfloxacin by acting on DNA-gyrase.

Suzuki(Miyaura cross-coupling of N-(4-bromophenyl)furan-2-carboxamide (23) with various aryl- and heteroarylboronic
acids (24) in the presence of tetrakis(triphenylphosphine)palladium(0) catalyst and potassium phosphate as a base produced
N-aryl-substituted amides of furan-2-carboxylic acid (25) (Scheme 15) [95].

Scheme 15
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a: 1,4-dioxane, Pd(PPh,),, K;PO,, 95°C, 8 — 18 h.

Molecular docking was performed for compounds 25 with protein NDM-1 (embelin) as the target.
A mechanism of action of antimicrobial peptides against encapsulated K. pneumoniae strains was proposed [96].
Pyridin-4-ylmethyl-4-aminobenzoate (26) and 4-(pyridin-4-ylmethoxy)aniline (27) were synthesized (Scheme 16) [97]. The
reduction in the production of folic acid by bacteria and the destruction of K. pneumoniae cellular membranes under their influ-
ence were studied.
Scheme 16
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Molecular docking of 26 and 27 and p-aminobenzoic acid (PABA) as a control was studied against active sites of
dihydropteroate synthase (DHPS) (PDB: 3tye) and proteins of the OmgK36 outer membrane from K. pneumoniae (PDB: 6rd,),
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which was chosen based on the resistance of the protein to B-lactam antibiotics, which affected the cell membrane to assess the
binding process by which all compounds interacted with essential amino acids of this bacterial protein.

CONCLUSION

Thus, the review showed that the main direction for searching for potential drugs with anti-klebsiellosis activity is the devel-
opment of methods for synthesizing a broad spectrum of functionalized N,0,S-containing heterocyclic compounds and primarily
hybrid structures, aromatic compounds, and metal complexes with various organic ligands. The traditional approach to the
search for new drugs was supplemented by widespread use of molecular docking and a search for new targets for potential
drugs, including metabolic modeling at the genome scale of K. pneumoniae. Screening for resistance to antibiotics and identifi-
cation of potential virulence factors and some other approaches played a significant role in this research.
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