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I. INTRODUCTION 

Recent years have witnessed a rapidly growing crisis in antimicrobial resistance, 

especially among microorganisms that cause nosocomial infections. The first antibiotic, 

penicillin, was discovered in 1929 by Sir Alexander Fleming. Penicillin became generally 

available for treatment of bacterial infections, and particularly those caused by staphylococci 

and streptococci, around 1946. The period of late 1940s and early 1950s saw the discovery 

and introduction of streptomycin, chloramphenicol and tetracycline, and the age of bacterial 

chemotherapy came into full being. These antibiotics were effective against the full array of 

bacterial pathogens, including Gram-positive and Gram-negative bacteria (e.g. 

Staphylococcus aureus, Escherichia coli and Pseudomonas aeruginosa), intracellular 

parasites and tuberculosis bacillus. However, by 1957, during a Shigella outbreak in Japan, a 

strain of dysentery bacillus was isolated which was multiple drug resistant, exhibiting 

resistance to chloramphenicol, tetracycline, streptomycin and the sulphonamide (1).   

Drug-resistant infectious agents are an increasingly important public health concern. 

Antimicrobial resistance is becoming a factor in virtually all hospital-acquired or nosocomial 

infections. Resistance to antimicrobial agents among bacteria and fungi is a persistent 

problem the complicates the management of cirtically ill patients (2).

Staphylococcus aureus and enterococci are most commonly isolated bacteria that 

cause nosocomial infections. Among those giving therapeutic problems are methicillin-

resistant staphylococci and vancomycin-resistant enterococci (3). 

When penicillin was introduced in 1944 over 94% of S. aureus isolates were 

susceptible  by 1950 half were resistant. By 1960, many hospitals had outbreaks of virulent 

multiresistant S. aureus. These were overcome with penicillinase-stable penicillins, but 

victory was brief  methicillin-resistant S. aureus (MRSA) were recorded in the year of the 

drug's launch. MRSA owe their behaviour to an additional, penicillin-resistant peptidoglican 

transpeptidase, PBP-2', encoded by mecA gene. Their spread is clonal, with transfer of mecA

being extremely rare. MRSA accumulated and then declined in the 1960s and 1970s, but 

became re-established in the early 1980s. These may be more virulent than earlier MRSA, or 

their success may reflect changing hospital practice. Until 1996, glycopeptides were 

universally active against S. aureus  then glycopeptide-intermediate S. aureus (GISA) were 

found in Japan, France and the USA. This resistance is associated with increased wall 

synthesis.
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Coagulase-negative staphylococci (CNS) are less pathogenic than S. aureus but are 

important in line-associated bacteraemias and prosthetic device infections. They are even 

more often resistant than S. aureus, notably to teicoplanin. Few anti-staphylococcal agents 

were launched from 1970 to 1995, but the situation is now improving (4). 

The wide ranging application of antimicrobials in medical and veterinary practice, the 

usage of antibiotics in agriculture, and the common use of antiseptics and disinfectants result 

in selection pressure. The administration of antibiotics directly selects resistant variants to 

different antibiotics or disinfectants. The same genetic element (e. g. qac or smr) that confer 

resistance to some disinfectants are often present on the same plasmid conferring resistance to 

antibiotic. 
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2. ANTIBIOTIC RESISTANCE: PLASMIDS AND EFFLUX PUMPS 

There are several nongenetic reasons for the failure of drugs to inhibit the growth of 

bacteria.

1. Bacteria can be walled of within an abscess cavity which the drug cannot penetrate

2. effectively. Surgical drainage is therefore a necessary adjunct to chemotherapy. 

 2. Bacteria can be in a resting state, ie, not growing. They are therefore insensitive to 

cell wall inhibitors such as penicillins and cephalosporins. Similarly, Mycobacterium

tuberculosis can remain dormant in tissues for many years, during which time it is insensitive 

to drugs. If host defenses are lowered and the bacteria begin to multiply, they are again 

susceptible to the drugs, indicating that a genetic change did not occur.

3. Under certain circumstances, organisms that would ordinarily be killed by penicillin 

can lose their cell walls, survive as protoplasts, and be insensitive to cell-wall-active drugs. 

Later, if such organisms resynthesize their cell walls, they are fully susceptible to these drugs. 

4. Several artificats can make it appear that the organisms are resistant, eg. 

administration of the wrong drug or the wrong dose, failure of the drug to reach the 

appropriate site in the body (a good example is the poor penetration into spinal fluid by 

several early-generation cephalosporins), or failure of the patient to take the drug (5).

Is strictly a matter of Darwinian evolution driven by principles of natural selection: a 

spontaneous mutation in bacterial chromosome imparts resistance to a member of the 

bacterial population. In the selective environment of the antibiotic, the wild type is killed and 

the resistant mutant is allowed to grow and flourish. The mutation rate for most bacterial 

genes is approximately 10
-8

.

Bacteria can develop resistance to antibiotics, e.g. bacterial populations previously 

sensitive to antibiotics become resistant. This type of resistance results from changes in the 

bacterial genome. Acquired resistance is driven by two genetic processes in bacteria: 

Mutation and selection (sometimes referred to as vertical evolution). Antibiotic resistance can 

be either plasmid mediated or maintained on bacterial chromosome (5).
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The fundamental mechanisms of antimicrobial resistance are:

  species specific sensitivity of Streptococcus pneumoniae was known 

mutation alteration of bacterial proteins that are antimicrobial targets /Examples:   

         •  erythromycin resistant organisms have an altered receptor on the 50S subunit of the

             ribosome that serves as a binding site in susceptible organisms;  

         •  resistance to some penicillins may be a function of the loss, or alteration of PBPs

            (Penicillin Binding Proteins);

         •  development of an altered enzyme that can still perform its metabolic function but its

             much less affected by the drug than the enzyme in the susceptible organism  

            /Example: in some sulphonamide-susceptible bacteria, the tetrahydropteroic acid

             synthetase has a much higher affinity for sulphonamide than for PABA (6). 

         • in sulphonamide-resistant mutant, the opposite is the cause/. 

                                                

             Figure 1. Five major biochemical mechanisms of antibiotic resistance

 Mechanism of antibiotic resistance in bacteria: the many mechanisms that bacteria exhibit 

to protect themselves from antibiotics can be classified into four basic types (Figure 1). 

infectious resistance mediated by plasmid, phage or Tn elements 
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enzymatic degradation of antibacterial drugs 

changes in membrane permeability to antibiotics 

development of an altered enzyme that can still perform its metabolic function but   

    its much less affected by the drug than the enzyme in the susceptible organism  

 altered metabolic pathway that bypasses the reaction inhibited by the drugs 

    www. bmj.com. (6).

2. 1. Mutation and resistance 

 Chromosomal resistance is due to a mutation in the gene that codes for either the 

target of the drug or the transport system in the membrane that controls the uptake of the drug. 

The frequency of spontaneous mutations usually ranges from 10
-7

 to 10
-9

, which is much 

lower than the frequency of acquistion of resistance plasmids. Therefore, chromosomal 

resistance is less of a clinical problem than is plasmid-mediated resistance.  

Mutation in the chromosome is a primary cause of bacterial resistance to antibiotics. 

Some mutations promote resistance directly (e.g. quinolone resistance mutations in genes 

encoding its E. coli targets, gyrA and gyrB (7). Other chromosomal mutations can cause 

mutator phenotypes that increase the likelihood of acquiring a resistance mutation (8). 

Mutations also ameliorate the otherwise deleterious effects on cell growth and physiology of 

some antibiotic resistance-conferring mutations (9). Although antibiotic resistance has been 

studied intensively, the mechanisms that generate resistance mutations are poorly understood. 

In addition to spontaneous mutation in exponentially growing cells (growth-dependent 

mutation), other mutation mechanisms exist that may pertain to antibiotic (10), and adaptíve 

mutations produce resistance to ciprofloxacin (11, 12). For example, factors such as antibiotic 

concentration (13), environmental conditions (14), or other stress-inducing phenomenon that 

leads to resistance mutations (15, 16).  

In some enterobacterial pathogens, but not in E. coli, loss of function, mutations in the 

ampD gene are a common route to -lactam antibiotic resistance (17). It was constructed an 

assay system for studing mechanisms of enterobacterial ampD mutation using the well-

developed genetics of E. coli. It was integrated the Enterobacter ampRC genes into the           

E. coli chromosome. These cells acquire spontaneous recombination independent -lactam 

resistance mutation in ampD. This chromosomal system is useful for studying mutation 

mechanisms that promote antibiotic resistance (17). 
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2. 2. Infectious resistance  

            Exchange of genes between strains and species (sometimes called horizontal 

evolution) via different mechanisms. 

Bacteria may be inherently resistant to an antibiotic. For example, a streptomycetes 

has some gene that is responsible for resistance to its own antibiotic  or a Gram-negative 

bacterium has an outer membrane that establishes a permeability barrier against the antibiotic; 

or an organism lacks a transport system for the antibiotic; or it lacks the target or reaction that 

is hit by the antibiotic. 

Horizontal evolution is the acquisition of genes for resistance from another organism. 

Some bacterium develops genetic resistance through the process of mutation and selection 

and then donates these genes to some other bacteria through one of several processes for 

genetic exchange that exist in bacteria.

Bacteria are able to exchange genes in nature by four processes: conjugation,

transduction, transformation and transposition (18, 19). Conjugation involves cell-to-cell 

contact as DNA crosses a sex pilus from donor to recipient (20). This is the commenest 

method by which multidrug resistance spreads among different genera of Gram-negative 

bacteria. Transfer of the resistance plasmids (21, 22) also occurs among some Gram-positive 

cocci. During transduction, a virus transfers the genes between mating bacteria. For example 

the plasmid carrying the gene for -lactamase production can be transferred from penicillin 

resistant to a susceptible Staphylococcus spp. if carried by a suitable bacteriophage (22). 

Similar transduction occurs is salmonellae. 

In transformation, DNA is acquired directly from the environment, having been 

released from another cell (23). Genetic recombination can follow the transfer of DNA from 

one cell to another leading to the emergence of a new genotype (recombinant). It is common 

for DNA to be transferred as plasmids between mating bacteria. Since bacteria usually 

develop their genes for drug resistance on plasmids (called resistance transfer factor  RTF), 

they are able to spread drug resistance to other strains and species during genetic exchange 

processes. Transposition is a transfer of short DNA sequences (transposons, transposable 

elements) occurs between one plasmid and another or between a plasmid and a portion of the 

bacterial chromosome within a bacterial cell (24, 25).

2. 3. Plasmid mediated resistance 

Plasmid-mediated resistance is very important from a clinical point of view for

3 reasons: 

            1.  it occurs in a many different species, especially Gram-negative rods;    
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 2.  plasmids frequently mediate resistance to multiple drugs; 

 3.  plasmids have a high rate of transfer from one cell to another, usually by 

conjugation.

Antibiotic resistance genes eg. tetracycline, kanamycin, chloramphanicol, erythro-

mycin are often encoded by transmissible conjugative or non-conjugative plasmids (5). 

Resistance plasmids (resistance factors, R factors) are extra chomosomal, circurales 

double-stranded DNA molecules that carry the genes for a variety of enzymes that can 

degrade antibiotics and modify membrane transport systems. The most important mechanisms 

of resistance for several important drugs:

 Penicillins and cephalosporins: -lactamase cleavage of -lactam ring

 Aminoglycosides: modifications by acetylation, adenylation, or phosphorylation  

 Chloramphenicol: modification by acetylation 

 Erythromycin: change in receptor by methylation of RNA 

 Tetracycline: reduced uptake or increased export 

 Sulphonamides: active export out of the cell and reduced affinity of enzyme. 

In addition to producing drug resistance, R factors have 2 very important properties:  

 1. they can replicate independently of the bacterial chromosome, so that a cell can 

contain many copies

2. they can be transferred not only to cells of the same species but also to other  

species and genera. Note that this conjugal transfer is under the control of the genes of the         

R plasmid and not of the F (fertility) plasmid, which governs the transfer of the bacterial 

chromosome (5). 

 R factors exist in 2 broad size categories: large plasmids with molecular weights of 

about 60 million dalton and small ones with molecular weights of about 10 million. The large 

plasmids are conjugative R factors, which contain the extra DNA to code for the conjugation 

process, whereas small R factors are not conjugative and contain only the resistance genes.

 In addition to converying antibiotic resistance, R factors impart 2 other traits: 

   a. resistance to metal ions (e.g. they code for an enzyme that reduces mercuric ions  

       to elemental mercury), and  

   b. resistance to certain bacterial virus by coding for restriction endonucleases that
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       degrade the DNA of the infecting bacteriophages (5). 

2. 4. 1. Plasmids 

  Bacteria are hosts to small, extrachromosomal genetic elements called plasmids, which 

are dispensable to the cell under ordinary conditions of growth. Plasmids share many 

properties with bacterial viruses (phages), from which they differ chieffy in their lack of an 

encapsidated, extracellular phase. They are of major clinical significance, not only because 

they may carry genes for resistance to therapeutic drugs and for virulence factors, as discussed 

below, but also because many of them mediate gene transfer- a process that leads to the 

emergence of bacterial strains with new combination of drug resistance, antigens, and 

virulence mechanisms (5). 

R plasmid: R plasmids were first discovered in Japan in 1957 (26). In Japan, dysentery 

was treated with sulphonamide until about 1950. Then more and more strains of bacteria 

causing dysentery became resistant to this antibiotic, rapidly rendering in ineffective. Then 

tetracycline, streptomycin and chloramphenicol were used against these bacteria. By 1957,        

2 % of the bacteria causing dysentery were resistant to one or more of these drugs, and by 

1960, 13 % were resistant. Resistance or R plasmids carry genes that confer resistance to 

certain antibiotics as well as to poisonous metal ions such as arsenic, silver, copper, mercury, 

lead, zinc and so on (27). The R plasmid usually has two types of genes: 

1. R-determinant: resistance genes that code for enzymes that inactivate certain drugs 

2. RTF (Resistance Transfer Factor): genes for plasmid replication and conjugation.

The presence of resistance genes, on the other hand, allows for their transcription and 

translation into enzymes that make the drug inactive. R plasmids can also be transferred by 

conjugation from one bacterial cell to another.  

F plasmid: facilities conjugation. F plasmids live in bacterium E. coli and were 

discovered 1920s (28). This can give a bacterium new genes that may help it survive in a 

changing environment. The F plasmid consists of 25 genes that mostly code for production of 

sex pili. Bacteria that have an F plasmid are F
+
 or male. Those that do not have an F plasmid  

are F  or female. F plasmid can behave as an episome-it means that it can integrate reversibily 

into the bacterial chromosome. When the F
+
 plasmid integrated within the bacterial 

chromosome, the cell is called an Hfr cell (high frequency of recombination cell).   A cross 

over event can occur between homologous genes of the Hfr fragment and the F-DNA. The 

recombinant genome can be passed on to future generations (28).
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Colicin plasmids: The colicins of E. coli are members of the large and diverse family 

of antimicrobial toxins known as bacteriocins. The characterised colicins /over 20/ can be 

divided into two major classes according to their mode of action  the enzymatic and the 

channel-forming colicins (29). Members of both classes of colicins share a number of 

characteristics, but they share a low level protein sequence similarity (30, 31).  Colicin gene 

clusters consist of three tightly linked genes: a colicin gene; an immunity gene, which encodes 

an immunity protein that provides specific protection against the encoded colicin a lysis gene, 

which encodes a protein that is involved in colicin release from the cell. Colicin gene clusters 

are encoded on plasmid replicons (32, 33).  

Virulence plasmids: virulence plasmids contain genes that make their bacterial hosts 

more virulent to "their" hosts. A familiar example involves the bacterium E. coli, which 

inhabits the human large intestine. Certain strains of E. coli contain plasmids whose genes 

make the E. coli synthesize toxins that cause diarrhoea (34, 35). These "enterotoxogenic 

strains" of E. coli are probably an important cause of diarrhoea among travellers (36). More 

seriously, in developing countries, diarrhoea is one of the principal causes of death among 

those under five (37).

VirG, a new pYV gene involved in growth restriction described. The expression and 

secretion of ExoS are also induced by growing P. aeruginosa in a medium containig a        

Ca
2+

-chelating agent. The VirG and ExsB are in the synthesis or secretion of virulence 

proteins (38). Pathogenic bacteria of the genus Yersinia (Y. pestis, Y. pseudotuberculosis, and         

Y. enterocolitica) cause diseases in rodents and humans, with symptoms the host tissues. They 

harbour closely related plasmids of about 70 kb that are essential for virulence and hence are 

called pYP (for Yersinia virulence). At 37 C and in a medium deprived of Ca
2+

 ions, the pYv 

plasmid directs secretion of about 10 proteins called Yops. In Y. enterocolitica these are 

YopB, D, E, H, M, N, O, P, and Q and LcrV, the protective antigen described in the mid-

1950s (39, 40, 41, 42).

Metabolic plasmids: metabolic plasmids contain genes that let their bacterial hosts 

metabolise or degrade otherwise indigestible or toxic chemicals. For example, the bacterium  

Pseudomonas putida is able to grow on a wide range of organic compounds that are toxic to  

most bacteria, including octane, camphor and naphthalene.  It does this with the help of genes 

contained by metabolic plasmids called OCT, CAM and NAH plasmids (43).  
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Other metabolic plasmids allow bacteria to degrade herbicides like 2,4 D, as well as 

certain detergents . 

Cryptic plasmids: cryptic plasmids are plasmids that have no known effect on their 

hosts.

Cosmids: cosmids are man-made circular loops of DNA containing plasmid DNA 

together with an arbitrary sequence of up to 45.000 base pairs of DNA. They are constructed 

by recombinant DNA techniques and then packaged in lambda phage protein coats. They are 

used to transfer genes to bacteria (44). 

Phasmids: phasmids are man-made linear DNA molecules whose ends are sequences 

taken from the lambda phage, while the middle is a sequence taken from a plasmid, together 

with a seuqence of whatever DNA one wants. Like cosmids, they are constructed by 

recombinant DNA techniques and packaged in lambda phage protein coats, and used to 

transfer genes to bacteria. However, both the lambda phage and plasmid replication functions 

are intact. In particular, they contain the lambda phage genes for "lysis", the process where by 

a virus dissolves the cell membrane of its host. Depending on the conditions, the phasmid can 

act either like a highly defective prophage or a plasmid-hence its name (45, 46, 47). 

2. 4. 2. Tn elements 

 Transposons are genes that are transferred either within or between larger pieces of 

DNA such as the bacterial chromosome and plasmids. A typical drug resistance transposon is 

composed of 3 genes flanked on both sides by shorter DNA sequences, usually a series of 

inverted repeated bases that mediate the interaction of the transposon with the larger DNA. 

The 3 genes code:

 1. transposase, the enzyme that catalyzes excision and reintegration of the transposons

 2. a repressor that regulates synthesis of the transposase

 3. the drug resistance gene (5).

2. 5. 1. Drug accumulation and efflux mechanisms 

a. Increased production of penicillin-binding protein PBP4 is known to increase 

peptidoglycan cross-linking and contributes to methicillin resistance in S. aureus. The pbp4

gene shares a 400-nucleotide intercistronic region with the divergently transcribed abcA gene, 

encoding an ATP-binding cassette transporter of unknown function (48). 

b. The pbp4 structural gene is separated by only 400 nucleotides from a divergently 

transcribed gene, abcA, which codes for an ATP-binding cassette (ABC) transporter-like 
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protein (49, 50). The ABC transporters constitute a large family of membrane transporter 

systems found in both procaryotic and eucaryotic cells. The contribute to the import or export 

of a wide range of substances such as proteins, peptides, polysaccharides, vitamins, and drugs, 

utilizing ATP as the source of energy (51).  

Changes in membrane permeability to antibiotics /Examples: Streptococci have a 

natural permeability barrier to aminoglycosides; tetracyclines accumulate in susceptible 

bacteria but not in resistant bacteria, e.g. P. aeruginosa / (52, 53). 

              Figure 2. GENETIC CODES FOR ANTIBIOTIC-RESISTANCE IN BACTERIA 

 For example, such genes might code for "efflux" pumps that eject antibiotics from cells (a),

or the genes might give rise to enzymes that degrade the antibiotics (b), or that chemically     

alter and inactivate drugs (c). Resistance genes can reside on the bacterial chromosome or,  

more typically, on small rings of DNA called plasmids.  

Chromosome   Tn  plasmid ( http://www.sciam.com) (54).  

2. 5. 2. Efflux pumps and drug resistance 

This efflux occurs due to the activity of membrane transporter proteins, the so-called 

drug efflux pumps (55). Some efflux pumps selectively extrude specific antibiotics, while 

others referred to as multidrug resistance (MDR) pumps, expel various structurally diverse 
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antibiotics. While antibiotic-specific efflux pumps are usually encoded on transmissible 

plasmids and tranposons, genes encoding many MDR pumps are normal constituents of 

bacterial chromosomes. Efflux pumps occur as either single-component or multicomponent 

systems. In Gram-negative bacteria, single-component efflux pumps extrude their substrates 

into the perisplasmic space (56). Examples of such single-component efflux pumps include 

the transposon-encoded tetracycline-and chloramphenicol-specific pumps TetA and CmlA, 

respectively (57, 58) and the MDR pump MdfA, encoded in the chromosome of E. coli (59). 

Multicomponent efflux pumps (which are found exclusively in Gram-negative bacteria) 

traverse both inner (IM) and outer membranes (OM). Examples include the MDR pumps 

AcrAB-TolC (60) and MexAB-OprM from E. coli and P. aeruginosa, respectively. Each 

pump contains a transporter located in the cytoplasmic membrane (61). 

2. 5. 3. Efflux pumps in Gram-positive and Gram-negative bacteria  

In eukaryotes, most ABC transporters are involved in multidrug resistance. However, 

in bacteria, the majority of drug exporters are drug-proton antiporters, including MFS-, SMR-, 

and RND-type transporters, while ABC transporters are usually involved in the uptake of a 

wide range of molecules. In Gram-positive organisms, some macrolide resistance genes code 

for ABC-type efflux transporter proteins. In the Gram-negative bacteria for example E. coli

the tolerance to macrolide antibiotics is conferred by AcrAB. Expression cloning of an 

individual gene into an AcrAB deficient strain may be necessary to discover a potentional 

drug efflux transporter gene. MacB is an integral membrane protein and MacA is a periferial 

membrane protein. MacB is thus a novel ABC-type macrolide efflux transporter which 

functions by cooperating with the MFP (membrane fusion protein) MacA and the 

multifuntional outer membrane channel TolC. This is the first case of an experimentally 

identified ABC antibiotic efflux transporter in Gram-negative organisms (62). 

ATP-binding cassette (ABC) transporters are the major drug efflux transporters in 

mammalian cells that cause multidrug resistance of cancer cells (63). On the other hand, ABC 

transporters are involved mainly in the uptake of a wide range of molecules (64), protein 

export and the efflux of toxic metal ions, such as an arsenite efflux system in bacteria (65).

LmrA is polypeptide in a Gram-positive bacterium, Lactococcus lactis (66) has been the only 

example of an experimentally identified bacterial ABC multidrug exporter. A small number of 

ABC single-drug exporters for macrolides and daunomycin (67, 68) are also known in Gram-

positive bacteria, whereas no functional ABC multidrug exporter has been definitely 

established to exist in Gram-negative bacteria yet (69). The efflux-based multidrug resistance 
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of Gram-negative bacteria is most often conferred by RND (resistance-nodulation-cell 

division) family transporters (70, 71), in addition to some SMR (small multidrug resistance) 

transporters (72). Efflux-based single-drug resistance of Gram-negative bacteria is usually due 

to plasmid-encoded MFS (major facilitator superfamily) transporters such as tetracycline-H
+

antiporters (73, 74). 

Active efflux of tetracycline (TC) is a resistance mechanism found in both Gram-

negative and Gram-positive bacteria (75). In the Gram-negative bacterium E.coli, efflux 

resistance genes have been identified on both plasmids and transposons (the tet genes) and on 

the chromosome (76, 77). The TC resistance gene tetA [class B] in transposon Tn10 (and 

other homologous resistance genes such as the tetA [class C] gene present in pBR322) codes 

for an integral inner membrane (IM) protein, Tet, which contains 12 transmembrane helices 

and belongs to a family of bacterial and eukaryotic transporters, the major facilitator family 

(78, 79). The Tet protein binds TC in the cytoplasm and pumps it, possibly into the periplasm, 

in exchage for a proton, a process that is driven by the proton motive force across the IM 

efflux pump (80).  

Although tetracycline TC can diffuse readily through the IM bilayer (81, 82), the lipid 

bilayer of the OM is relatively impermeable to lipophilic solutes (83) such as TC, and TC is 

though to cross the OM mainly via the porin OmpF. In mutants with decreased OmpF 

expression (84). 

Many of these pumps belong to the RND family, whose members have been known to 

pump out mostly lipophilic or amphiphilic molecules or toxic divalent cations (85, 86). The  

E. coli genome contains several genes coding for RND transporters. Among these, acrB is

constitutively expressed and is largely responsible for the intrinsic resistance of E. coli to a 

tergents (including bile salts), and dyes (87, 88, 89, 90). The gene acrF has a high degree of 

similarity to acrB (77 % identify at the amino acid level, with no gaps) and is also expected to 

pump out a wide variety of lipophilic and ampiphilic agents. Indeed, AcrF overexpression

strains can be isolated as suppressors of acrAB mutants and seem to have a resistance 

phenotype similar to that of the acrAB
+
 wild-type strain.

However, disruption of the acrF gene in the wilde-type strain does not produce a drug 

susceptibility phenotype suggesting that acrF weakly expressed in wild-type E.coli (91).

Disruption of the acrD gene also did not result in hypersusceptibility to lipophilic and 

ampiphilic drugs. However recently RND-type transporters that pump out very hydrophilic 

compounds, aminoglycosides, have been observed in P. aeruginosa and in Burkholderia

pseudomallei (92, 93) is an opportunistic human pathogen characterized by an innate 
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resistance to a variety of antimicrobial agents. Previously attributed to a highly impermeable 

outer membrane (94), this so-called intrisic multidrug resistance is now known to result from 

the synergy between broadly specific drug efflux pumps and a low degree of OM 

permeability (87). One such efflux system, a tripartite pump encoded by the MexAB-OprM 

operon (95), exports a range of antibiotics, including tetracycline, chloramphenicol, 

quinolones, novobiocin, macrolides, trimethoprim, and -lactams (96, 97). The -lactam 

antibiotics are somewhat unique among these efflux substrates in that their cellular targets are 

within the periplasm. It was supposed that pumps indicating that OprM is not one or both of 

inner membrane-associated proteins MexA and MexB are responsible for drug recognition, 

including recognition of -lactams (98). 

2. 6.  Proton motive forces and drug efflux

The isolation of a mutant of S. aureus having a phenotype consistent with the 

expression of a non-NorA MDR efflux transporter (99). 

 NorA is a proton motive force (PMF)-dependent MDR efflux pump in S. aureus

(100). It is a member of the major facilitator superfamily and has 12 transmembrane-spanning 

segments (101, 102, 103). Hydrophilic fluoroquinolones and monocationic organic 

compounds such as acriflavine, ethidium, and tetraphenylphosphonium bromide (TPP) are 

substrates of this pump. Interestingly, data available from the S. aureus genome sequencing 

projects suggest that NorA is not the only S. aureus MDR transporter  at least 10 regions 

encoding polypeptides having homology with NorA can be identified (104, 105). 

2. 7. Other functions of efflux pumps 

Two families of ATP-binding cassette (ABC) transporters in which one or two 

extracytoplasmic substrate-binding domains are fused to either the N-or C-terminus of the 

translocator protein have been detected. The implications of multiple substrate-binding sites 

in close proximity to the translocator in terms of broadened substrate specificity and possible 

cooperative interactions between SBPs (substrate-binding proteins) and the translocator (106). 

ABC transporters, found in all pro-and eucaryotic species, use the hydrolisis of ATP to 

translocate solutes across cellular membranes. The translocator component of ABC 

transportes is composed of two multi-transmembrane and two intracellular ATP-binding 

subunits (107), with the individual subunits expressed as separate polypeptides or fused to 

each other in any possible combination. In addition to these ubiquitous components, 



15

prokaryotic ABC transporters involved in solute uptake into the cell employ a specific ligand-

binding protein to capture the substrate. These SBPs, which are the main determinants as 

SBP-dependent ABC transporter specificity, were first identified in Gram-negative bacteria, 

where they reside in the periplasmic space (108). Gram-positive bacteria and Archaea, 

organisms without a periplasm, anchour the proteins to the outer surface of the cell membrane 

via an N-terminal lipid moiety (109, 110) or, in the case of Archaea, use an N-terminal 

transmembrane segment to anchor the protein to the cytoplasmic membrane (111). 

The majority of SBPs involved in ABC transport consist of two domains (C-and          

N-lobes) that are connected by a flexible hinge (112, 113). This enables the SBP to assume an 

"open-unligaded" confirmation with a high affinity for the substrate and a "closed-

unliganded" state with a low affinity. Upon binding of a substrate molecule, the two lobes of 

the SBP close around the ligand. The protein in its closed conformation then interacts with the 

translocator, which is located in the cytoplasmic membrane (113).  

The ATP-binding cassette (ABC) superfamilly was defined in 1986 when homology 

was detected between a binding protein dependent transporter and multidrug efflux cloned 

from human cancer cells. In addition to the periplasmic binding protein-dependent 

transporters that mediate uptake bacterial cells also contain ABC transporter lacking a binding 

protein that mediate efflux of compounds such as lipopolysaccharides, capsular 

polysaccharides, antimicrobial agents, and toxins. A few ABC proteins also lack a 

transmembrane region and use the same architecture to perform alternative functions such as 

DNA repair (114).

Resistance to toxic heavy metals has been found in bacteria from clinical and 

environmental origins. The genetic determinants of resistance are frequently located on 

plasmids or transposons. Several heavy metal resistance genes have been cloned and 

sequenced. The mechanisms of resistance to heavy metals are commonly based on novel 

membrane transport systems that expel the toxic ions (including cobalt, nickel, zinc, and

copper and chromium) from the bacterial cytoplasm (115, 116, 117, 118, 119).  

The function of most resistance systems is based on the energy-dependent efflux of toxic ions. 

Some of the efflux systems are ATPases and others are chemiosmotic cation/proton 

antiporters. The triple-polypeptide Czc (Cd
2+

, Zn
2+

 and Co
2+

) chemiosmotic efflux pump 

consists of inner membrane (CzcA), outer membrane (CzcC) and membrane-spanning (CzcB) 

proteins that together transport cations from the cytoplasm across the periplasmic space to the 

outside of the cell (120). 
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2. 8.  Interactions of antibiotics with some efflux pumps and other drugs 

The main concept underlying the use of antimicrobial agents is to select the single best

drug whenever possible, because this minimizes side effects. Hoever, there are several 

instances in which 2 or more drugs are commonly given: 

 1. to treat serious infections before the identify of the organism is known

 2. to achieve a synergistic inhibitory effect against certain organisms

 3. to prevent the emergence of resistant organisms if bacteria become resistant to one 

drug.

The MRSA strains are often resistant not only to -lactam agents but also to 

fluoroquinolones, chloramphenicol, clindamycin, tetracylines, aminoglycosides, and   

vancomycin is almost universally accepted as the drug of choice for the treatment of MRSA 

infections (121). However, vancomycin used alone kills staphylococci slowly resulting in 

delayed recovery of patients with life-threatenning infections.

Therefore the purposes of some investigation were to determine among 26 commonly 

available -lactams and among 8 aminoglycosides those that display the strongest beneficial 

bacteriostatic effect in combination with vancomycin against MRSA strains, to evaluate the 

bactericidal effects diplayed by the most effective agents used in different -lactam-

vancomycin, vancomycin-aminoglycoside and -lactam-vancomycin-aminoglycoside 

combinations, and to examine whether the effects of different antibiotic combinations are 

dependent upon the aminoglycoside susceptibility pattern of the strains (122). 

The best interactions with vancomycin were observed with either imipenem, cefazolin, 

or netilmicin. By checkerboard studies, imipenem-vancomycin and cefazolin-vancomycin 

each provided a synergistic bacteriostatic effect against 22 strains  the mean fractional 

inhibitory concentration (FIC) indexes were 0.35 and 0.46 for imipenem-vancomycin and 

cefazolin-vancomycin, respectively. The vancomycin-netilmicin combination provided an 

indifferent effect against all the of 32 strains tested (122). 

 The accurate prediction of clinically relevant antibiotic synergy based upon the results 

of in vitro testing has been a goal of researchers for some time. There are in fact, examples of 

such a correlation existing. Combinations of antimicrobial agents which have been shown to 

be synergistic in vitro have been associated with a more favorable clinical outcome in 

neutropenic patients with Gram-negative sepsis in the treatment of enterococcal endocarditis. 

Increased bactericidal activity in patient serum has also been documented with antibiotic 
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combinations which are synergistic in vitro (123). Time–killing and checkerboard methods 

are the most widely used techniques to assass synergy but are time-consuming and labor-

intensive perfomed synergy testing of E. coli, Enterobacter cloacae, P. aeruginosa  and           

S. aureus with various combinations of cefepime or ceftazidime with tobramycin or 

ciprofloxacin. All antimicrobial combinations demonstrated some degree of synergy against 

the test organisms, and antagonism was infrequent Gram-negative bacteria of growth and 

viability in combination of antibiotics and resistance modifiers was studied with flow 

cytometric method (124).

Therapeutic options for deep-seated infection due to methicillin-resistant S. aureus

(MRSA) are limitted (125). Although intravenously administered vancomycin is the drug of 

choice for the tretment of MRSA infections, treatment failures with vancomycin monotherapy 

of staphylococcal endocarditis have been reported (126, 122). In treating compilicated MRSA 

infections, many clinicians combine vancomycin with another agent, such as gentamicin, in 

the expectation of more rapid bacteriologic response based on a synergistic interaction 

between the two antibiotics. Overall, there are few data comparing vancomycin monotherapy 

with vancomycin in combination with aminoglycosid for the treatment of severe MRSA 

infections.

Among the common pathogens responsible for inefective endocarditis, the mechanism 

of bactericidal synergy has been delineated only for enterococci. Enterococci are relatively 

resistant to penicillin G and ampicillin with each agent yielding a bacteriostatic effect. In 

combination with gentamicin or streptomycin, penicillin G and ampicillin facilitate the 

intercellular uptake of the aminoglycoside, which causes the subsequent bactericidal effect 

against the enterococci. In the absence of these agents, there is little intracellular uptake of the 

aminoglycosides (127). 

3. AIMS OF THE STUDY 

The frequency among clinical isolatesof antibiotic-resistant strains, including poly-and 

multiresistant ones, continues to increase. These antibiotic-resistant bacteria often cause life-

treatening infections. To overcome these situations, we need new antibiotics or new drug 

combinations with which to treat antibiotic-resistant bacterial infections.  In the thesis, I will 

focus on in vitro models of combination chemotherapy against laboratory strains used as 
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model and antibiotic-resistant clinical isolates. According by, the following questions will be 

studied in detail: 

 The activities of resistance modifiers in modifing bacterial sensitivity to given 

antibiotics (ampicillin, chloramphenicol, erythromycine, tetracycline) will be studied by using 

various resistance modifiers (promethazine, verapamil, clomipramine). The antibacterial 

effect of promethazine, verapamil and clomipramine will be studied as standard "group 

representative" resistance modifiers on different bacterial species (E. coli, P. aeruginosa,            

S. aureus, S. epidermidis).

 The antibacterial effects of various newly synthetized calcium channel blockers,

nifedipine (NP) analogues: 3,5-dibenzoyl-1,4-dihydropyridines (BzDHPs), and 3,5-diacetyl-

1,4-dihydropyridines (AcDHPs) will be studied on different resistant E. coli strains from 

clinical specimens.  

 The combinations of different resistance modifiers (BzDHPs) with various  

antibiotics, such as ampicillin, erythromycine, tetracycline, chloramphanicol will be studied 

via a checkerboard method on some Gram-negative strains. Oxacillin with promethazine or 

verapamil or imipramine will be studied in combination on S. aureus strains including clinical 

isolates.

 The plasmid-curing effects of resistance modifiers such as BzDHP and prome- 

thazine will be studied on an E. coli K12 LE 140/ F’lac as model. The change in the resistance 

of S. aureus after plasmid curing will be following by the changes in antibiotic sensitivity and 

PCR.

 Attemps to reduce the methicillin resistance of S. aureus will be studied by means  

of checkerboard method and PCR analysis of gene (mecA, ermA and nucA) expression.

 Flouro-luminometric measurements will be reported for the differentiation of  

bacterial growth and viability in combined application of antibiotics and resistance modifiers. 

4. MATERIALS AND METHODS 

4. 1. Materials

Chemicals: Fifteen substituted dihydropyridines were synthesized previously (128). The 

structures of 3,5-dibenzoyl-1,4-dihydropyridines ((GB1-GB15). The structures are presented 

(Figure 3). 
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               Figure 3. Structure of 3,5-dibenzoyl-1,4-dihydropyridines GB1-GB15 ,

                               nifedipine NP , 2'-nitro derivate of 3,5-diacetyl-1,4-dihydropyridine  

G11  and verapamil VP

 Eleven acetyldihydropyridines of NP analogues were synthesized as previously described 

(129).
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Figure 4. Structures of 3,5-diacetyl-1,4-dihydropyridines G1-G11 ,

                           nifedipine NP , and verapamil VP

Antibiotics:  ampicillin (AMP) was purchasned from (Beecham Research Laboratories, 

England, (UK), erythromycin (ERY) was from (Richter Gedeon Rt. Budapest, Hungary), 

tetracycline (TC) (Chinoin, Budapest, Hungary), Gentamicin (GENT) (Chinoin, Budapest, 

Hungary), oxacillin (Chinoin, Budapest, Hungary).

Resistance modifiers: The resistance modifiers were obtained from the indicated companies: 

Verapamil (VP) (Chinoin, Budapest, Hungary), nifedipine (NP) (Aldrich, N7634, St. Louis, 

MO. U.S.A.), promethazine (PZ) (Pipolphen, EGIS, Budapest, Hungary), methylene blue 

(MB) (Reanal, Budapest, Hungary), clomipramine (CP, Anaphranil) (Ciba, Geigy, Basel, 

Switzerland), imipramine (Melipramine, EGIS, Budapest, Hungary). 

Painting: MTT: 3-(4,5-dimethylthiazol)-2,5-dipheniltetrazoliumbromid) /Thiazolyl blue/  

(Sigma, St. Luis M.O. USA) 
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Bacterials strains: Escherichia coli K12 LE 140/F’lac tsx, str,  lac, su, 
– r

, mal,              

(F prime lac ) laboratory strain and two clinical isolates E. coli AMPsens • ERYres and

E. coli AMPres• ERYres were  kindly provided by the Public Health Institute of Csongrad 

County.

E. coli MC1061/ cl  (ara leu) 7697 lac X74 galU galK hsr hsm rpsl araD 139 were 

kindly provided by the Institute of Biochemistry and Food Chemistry of University of 

Finland.

Clinical strains:

Pseudomonas aeruginosa: nalidix acid, ampicillin, erythromycin resistant was provided by 

the Public Health Institute of Csongrad County. 

Staphylococcus epidermidis: ampicilin, erythromycin resistant was provided by the Public 

Health Institute of Csongrad County. 

a. Staphylococcus aureus methicillin sensitivity (MSSA): tetracycline resistant, 

    isolated by Jenson 1906 U. K. , labor. number: 13137 S

b.Staphylococcus aureus methicillin resistant (MRSA): penicilline, oxacilline,  erythro-

    mycin, tetracycline resistant,  isolated by Jenson 1906 U. K.,  labor. number: 13137 R

c. Staphylococcus aureus MSSA isolated by Dorbusch, labor number: DUS  4916 S

d. Staphylococcus aureus MRSA: penicilline, oxacillin, tetracycline resistant, isolated  

     by Dorbusch, labor. number: DUR 4916 R 

e. Staphylococcus aureus MRSA : penicilline, oxacillin, tetracycline resistant, isolated  

    by DOTE, labor. number: 5814 R 

f. Staphylococcus aureus MSSA, isolated by DOTE, labor. number: 5814 S

g. Staphylococcus aureus MSSA: penicilline, erythromycin, tetracycline resistant, isolated 

    by DOTE, labor. number: 1190 S 

h. Staphylococcus aureus MRSA: penicilline, oxacillin, erythromycin, tetracycline  

    resistant, isolated by DOTE, labor. number: 1190 R  /The laboratory strains from a- to h/ 

    were kindly provided by the Institute of Medical Microbiology of Semmelweis University 

    Budapest. 

Standard strains:  E. coli (ATCC 25 922), S. aureus Rosenbach (ATCC 25 923),

P. aeruginosa (ATCC 27 853). 
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Marker: D-3687 PCR Low Ladder (Sigma) containing from 100, 200  to 1000 bp. 

Culture media: The antibacterial effects of the tested compounds were studied by using 

minimal tryptone yeast extract (MTY) nutrient broth, containing 1.0 g NH4Cl, 7.0 g K2HPO4,

3.0 g NaH2PO4, 0.8 g NaCl, 1.0 g D-glucose, 10.0 g Bacto tryptone (Difco) and 1.0 g yeast 

extract (Difco) in 1.0 L destilled water at pH 7.2.  (130).

EMB /eosin-methylene blue/ agar plates were used for the differentation of lac negative (lac
-
)

pink and lac positíve (lac
+
) deep purple colonies. 

LB: 10.0 g  tryptone, 5.0 g yeast extract  and 5.0 g NaCl in 1.0 L destilled water at pH 7.0.

BHI:  12.5 g Calf Brain infusion solids, 5.0 g Beef Heart infusion solids, 10.0 g Protease 

peptone (Oxoid L46), 5.0 g Sodium chloride, 2.0 g Dextrose, 2.5 g Disodium phosphate in       

1.0 L destillated water at pH 7.4. Boiling and autoclaving at 121 C for 15 minutes.   

4. 2. Methods 

4. 2. 1. Determination of minimum  inhibitory concentration (MIC) : Overnight cultures 

of bacterial strains were diluted to (10
-4 

 in 2 x MTY broth) aliquots of  50 L transferred to a        

96  well microplate, and 50 L of different concentrations of antibiotics and resistance 

modifiers was then  were added. The microplates were incubated at 37 C for 24 h and  

minimum inhibitory concentration (MIC) values were determined with  MTT (131).

4. 2. 2. Checkerboard method: The checkerboard method is technique used most frequently 

to asses antibacterial combinations in vitro. The dilutions of antibiotics and resistance 

modifiers were distributed in the microtiter trays. We have expressed the antimicrobial 

concentrations as multiples as fractions of the MIC, they are usully expressed in g/mL.       

The results of the combined use of antibiotics and resistance modifiers were evaluated 

according to the literature (132) as synergism, additivity, indifference or antagonism. 

  Three bacterial strains were tested by the microdilution checkerboard technique 

described. Briefly, bacterial dilutions from the logaritmic-growth phase were prepared and 

subsequently distributed into microtiter trays containing various drug concentrations. The 

final inoculum size in the microtiter trays was approximately 10
5
 colony forming units 

(cfu)/mL. 

  Inoculated microtiter trays were incubated at 37 C for a period of 24 h, then the 

cultures in the trays were stained with 10 L of MTT (10 mg/mL stock solution), incubated 
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for 6 h and read for the inhibition of bacterial growth in an microplate. In order to evaluate the 

outcome of the drug combination, fractional inhibitory concentration (FIC) indices were 

calculated as FICA + FICB where FICA and FICB represent the minimum concentrations of 

drug A and B that inhibited growth respectively (132). 

FICA = MICA combination                FICB = MICB combination         FICINDEX = FICA + FICB

              MICA alone                                            MICB alone 

 Individual checkerboard runs were repeated twice, a mean FIC index was calculated and 

classified as either synergistic (  0.5), additive (0.51-1.01), indifferent (1.01-4.0) or 

antagonistic (over 4.0). 

4. 2. 3. Time killing method:

When the colony counts have been determined, the easiest way to visualize the results 

was to plot them on semilogarithmic paper (using the absiss for time, and the ordinate               

(the logarithmic scale) for the colony counts. The definitions of antimicrobial interaction with 

this technique was based on studied with enterococci, against which clinically acceptable 

concentrations of the aminoglycosides alone was generally inactíve and penicillin was only 

bacteriostatic. 

The results were interpreted by the effect of the combination of antibiotics and 

resistance modifiers in comparison with the most active single drug alone. Synergism was 

defined as a  100-fold decrease in killing at 24 h with the combination, as compared with the 

most active single drug alone. Additive (or indifferent) was defined as a less than 10-fold 

change increase in killing at  24 h with the combination, in comparison with the most active 

single antimicrobial alone. These definitions assume that at least one of the drugs being were 

tested produces no significant inhibition or killing alone (132). 

4. 2. 4. Elimination of the  F’lac plasmid:  The method described earlier was applied.  From 

an overnight preculture of E. coli K12 LE 140/F’lac, a dilution of 1:10
4
 was prepared and    

0.05 mL (approximately 5 x 10
3
 cells) aliquots were inoculated into 5.0 mL MTY broth 

containing the compounds. Cultures were incubated at 37 C for 24 h without shaking. 

Different dilutions were made from the tube cultures showing bacterial growth and the 
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cultures were diluted in isotonic saline and 0.1 mL of each dilution was spread on eosine 

methylene blue agar. The plates were incubated at 37 C 24 h (133).

  The differential basis of this medium involves were two indicator dyes, eosin and 

methylene blue, which distinguish lactose fermeting and non-lactose fermenting organisms. 

Acid from lactose fermentation changed the color of the colonies. The plates were counted for 

lac
-
 plasmidless (pink) and lac

+
 plasmid containing (deep violet with green metallic seen) 

colonies. The percentage (%) of plasmid elimination was counted according to the formula 

given below: 

Percentage of plasmid elimination =  number of plasmidless colonies   x 100 

                                                                      number of all colonies 

4. 2. 5. Elimination of R-plasmid and Replica plating: An overnight preculture of           

methicillin-resistant  S. aureus 13137 strains was diluted 10
4
 fold and distributed in 0.05 mL 

amounts (about 5 x 10
3
 bacteria) into tubes with 5.0 mL MTY broth. Cultures were 

supplemented with different concentrations of curing agents. The samples were then 

incubated without shaking at 37 C for 48 h in the case of R-plasmid elimination. From tubes 

showing growth, different dilutions were prepared and 0.1 mL of samples plated on MTY 

plates in case of R-plasmid carrying strains (134). 

 The velvet replica from master plates were prepared onto plates containing 

erythromycin 20 g/mL or tetracycline 20 g/mL or oxacilline 16 g/mL and after 24 h 

incubation, the master and replica plates were compared and ratio of the plasmid elimination 

was determined (135) and antibiotic sensitive colonia were isolated for PCR studies. 

4. 2. 6. PCR analysis of mecA gene expression from plasmid-cured colonies of

Staphylococcus aureus

The lyses methods that relate here are too complicated and proved too material and 

instrument intensive. We adopted the method recommended to lyses of S. aureus:

 0,1 mL was centrifuged 16000 rpm for 30 seconds from an overnight broth of BHI 

 the residuary cells were suspended in 50 L lysostaphin solution (100 g/mL diluted 

solution) 

 The sample was incubated for 10 minutes at 37 C then,
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 50 L proteinase K (100 g/mL) was added and then  

 150 L puffer (0.1 M Tris pH 7.5) was added and

 finally it was boiling in water for 5 minutes 

after cooling, 10 L was used directly to PCR analyses (136). 

 2.5 L of template DNA was mixed in REDTaq
TM

 ReadyMix
TM

 (Sigma-Aldrich, 

Hungary). Preparing of the master mix was according to the manufactures's instructions. The 

total reaction volume was 25 L.

 Amplification with mecA, nucA primers was performed in a DNA Thermal Cycler 

(GeneAMP 9700) as 95 C for 3 min and for 30 cycles by denaturing at 94 C for 1 min, 

annealing at 55 C for 1 min, followed by polymerisation at 72 C for 1 min and final 

extension 72 C for 7 min ( 137, 138). 

 Ampilification with ermA primers was performed in the same thermal cycler but with 

different thermal profile. The PCR mixtures were subjected to thermal cycling 3 min at 96 C

and then 30 cycles of 1 s at 95 C for the denaturation step and 30 s at 55 C for the annealing 

extension step (139). 

 Ten microliters of product was electrophoresed on 1.5% 1x Tris-acetate-EDTA 

agarose gel and was stained with ethidium-bromide. DNA molecular weight marker PCR 

Low Ladder (Sigma-Aldrich, Hungary) was used as the standard. The gels were visualized 

under 254-nm UV lights. 

4. 2. 7. Fluoro-luminometric viability analysis of Escherichia coli cells using GFP-

luciferase combination: 

   Plasmid:

pEGFPlucTet / This plasmid was a pUC19-based high-copy number plasmid which contains 

enhanced green fluorescent protein (egfp) gene and luciferase gene (lucFF) of firefly               

P. pyralis (140). Genes were inserted in the frame with the lacZ initiation codon from pUC19

so that EGFP and luciferase proteins were expressed from the lac promoter. Gene coded 

tetracycline resistance (Tet) provides plasmid stability during the experiments. 

   Cultivation of bacteria for  fluoro-luminometric was studied
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Plasmid-containing bacterial strains were maintained as described (141). Bacterial 

cells were cultivated in Luria-Bertani Broth (10 g of tryptone, 5 g of yeast extract,                  

5 g NaCl/L, pH 7.0) containing tetracycline (5 g/mL) in a shaker (280 rpm) at 37 C. 

Overnight cultures of bacteria were diluted (1:100) with fresh LB-broth containing 

tetracycline, and further cultivated to mid-logarithmic phase. Culture was washed twice with 

LB-broth and the cell number was adjusted to approximately 2 x 10
8
 cells per mL              

(OD600nm  0.5) by spectrophotometry (UV-1601 Shimadzu spectrophotometer, Shimadzu 

corporation, Japan). Cell number was further verified by counting with Epics XL flow 

cytometer (Coulter Corporation, Miami, Fla.) using fluorescent beads (diameter, 1.8 m, 

Polysciences Inc., Warrington, PA) for internal calibration. 

Equal volumes of bacterial culture and ampicillin or promethazine or combination of 

ampicillin and promethazine (or 150 mM NaCl as a control) were mixed in wells of 96-well 

plate for fluoro-luminometric analysis and optical density measurement to assess ampicillin 

and promethazine dependent killing of bacteria. 

   Fluoro-luminometric analysis 

Bacterial cultures (E. coli containing pEGFPlucTet) (100 l) were mixed with 100 L

of various ampicillin and promethazine dilutions (final concentrations of ampicillin and 

promethazine were 0, 20, 60, 250, 500 g/mL and 0, 10, 30, 125 and 250 g/mL when used in 

combination) in the wells of a 96-well plate (white Cliniplate, Termo Labsystems, Helsinki, 

Finland). The Fluoroskan Ascent FL fluoro-luminometer (Thermo Labsystems) was  

controlled by the Ascent software
TM

 for Fluoroskan Ascent FL was programmed to carry out 

the measurement at 25 C for a period of twenty hours. At the time points of 0 and 20 h of the 

incubation, the fluorescence of cells were measured for 0.1 s/well using 485 nm excitation 

and 510 nm emission filter sets. Following the fluorescence measurement of particular wells 

at indicated time points, 100 L of luciferin solution (0.5 mM D-luciferin in 100 mM sodium 

citrate, pH 5.0) was automatically dispensed into the wells, and bioluminescence of cells was 

measured for 1 s/well (142). 
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5. RESULTS 

5.1. Determination of minimum inhibitory concentrations (MICs) of some antibiotics

      and the effects of combinations with resistance modifiers against Gram-negative and 

      Gram-positive strains 

The E. coli K12 LE 140 F' lac strain used in this study was susceptible to AMP, TC, 

ERY and GENT with MIC’s of 4.0, 1.0, 8.0 and 1.0 g/mL respectively. This strain was 

tested for the MIC’s to PZ (MIC = 128 g/mL), MB (400 g/mL), CP (64 g/mL) and VP 

( 1250 g/mL)  the results are presented  in Table 1. 

The results on the combinations of antibiotics and resistance modifiers are at or below 

their MIC (Table 1). PZ, MB or CP alone exerts only limited inhibitory activity against E. coli 

K12 LE 140 F' lac. However the enhance the activity of AMP at concentrations that was not

inhibitory. The combination of PZ, MB and CP with AMP were synergistic against                   

E. coli K12 LE 140 F' lac. Synergism was not observed with combinations of AMP and VP. 

At concentrations equal to each MIC, the results were indifferent. The combinations of 

resistance modifiers and TC, ERY, GENT gave varied responses. Of the four resistance 

modifiers employed, synergism was observed with promethazine in combination with 

tetracycline and erythromycin, and with the combination of methylene blue and erythromycin.  

The P. aeruginosa strain was susceptible only to GENT (MIC = 1.0 g/mL). The 

effect of the combination of GENT and MB was synergistic against P. aeruginosa (Table 2).

The synergism shown by PZ against S. epidermidis was much less than that against      

E. coli K12 LE 140 F' lac (Table 3). PZ acted synergistically with TC and ERY. CP with ERY 

and TC was also synergistic against S. epidermidis (Table 3).

A mean FICINDEX was calculated from  FICA + FICB  and the interpretation was made 

as follows: synergistic ( 0.5), additive (0.51-1.01), indifferent ( 1.01) or antagonistic ( 4.0).

 FICA =  MICA combination           FICB = MICB combination          FICINDEX = FICA + FICB

      MICA alone                                  MICB alone 
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Table 1.  MIC of antibiotics and the effect of combinations with resistance modifiers 

 against Escherichia coli K12 LE 140 strain 

Antibiotics (A)    +   resistance  

                               modifiers (B) 

MIC ( g/mL)

alone and combinations 

(A        +        B) 

FICINDEX Type of 

interaction 

Promethazine (PZ) 128 

Methylene blue (MB) 400 

Clomipramine (CP) 64 

Verapamil (VP)  1250 

Ampicillin (AMP) 4.0 

+ PZ AMP (1)  +  PZ (16) 0.375 synergistic 

+  MB AMP (1)  +  MB (25) 0.312 synergistic 

+ CP AMP (1)  +  CP (16) 0.50 synergistic 

+  VP AMP (1)  +  VP ( 1250) 1.25 indifferent 

Tetracycline (TC) 1.0 

+ PZ TC (0.25)  +  PZ (32) 0.50 synergistic 

+ MB TC (0.50)  +  MB (32) 0.58 additive 

+ CP TC (0.25)  +  CP (32) 0.75 additive 

+ VP TC (1)  +  VP ( 1250) 2.0 indifferent 

Erythromycin (ERY) 8.0 

+ PZ ERY (1) +  PZ (32) 0.375 synergistic 

+  MB ERY (2)  +  MB (50)  0.375 synergistic 

+ CP ERY (4)  +  CP (32) 1.0 additive 

+ VP ERY (4)  +  VP ( 1250) 1.50 additive 

Gentamicin (GENT) 1.0 

+  PZ GENT (0.5)  +  PZ (64) 1.0 additive 

+ MB GENT (0.5)  +  MB (25) 0.562 additive 

+ CP GENT (0.5)  +  CP (32) 1.0 additive 

+ VP GENT (0.5)  +  VP ( 1250) 1.5 indifferent 
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Table 2.  MIC of antibiotics and the effect of combinations with resistance modifiers 

 against Pseudomonas aeruginosa strain 

Antibiotics (A)  +   resistance    

                              modifiers( B) 

MIC ( g/mL)

alone and combinations 

(A    +   B) 

FICINDEX Type of 

interaction

Promethazine (PZ) 256 

Methylene blue (MB) 400 

Clomipramine (CP) 256 

Verapamil (VP)  1250 

Ampicillin (AMP) 256 

+ PZ AMP (128)  +   PZ (128) 1.0 additive 

+  MB AMP (128)  +   MB (50) 0.625 additive 

+ CP AMP (128)  +   CP (128) 1.0 additive 

+  VP AMP (256)  +   VP ( 1250) 2.0 indifferent 

Tetracycline (TC) 16 

+ PZ TC (8)  +   PZ (64) 0.75 additive 

+ MB TC (8)   +   MB (50) 0.625 additive 

+ CP TC (8)   +   CP (128) 1.0 additive 

+ VP  TC (4)   +   VP ( 1250) 1.25 indifferent

Erythromycin (ERY) 64 

+ PZ ERY (32)   +   PZ (128) 1.0 additive 

+  MB ERY (32)   +   MB (50) 0.625 additive 

+ CP ERY (32)   +   CP (128) 1.0 additive 

+ VP ERY (64)   +   VP ( 1250) 2.0 indifferent

Gentamicin (GENT) 1.0 

+  PZ GENT (0.5)   +   PZ (64) 0.75 additive 

+ MB GENT (0.25)  +  MB (25) 0.312 synergistic 

+ CP GENT (0.25)   +  CP (128) 0.75 additive 

+ VP GENT (1)  +   VP ( 1250) 2.0 indifferent
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Table 3.  MIC of antibiotics and the effect of combinations with resistance modifiers 

 against Staphylococcus epidermidis strain

Antibiotics (A)  +  resistance  

                           modifiers (B) 

MIC ( g/mL)

alone and combinations 

(A     +     B) 

FICINDEX Type of 

interaction

Promethazine (PZ) 64 

Methylene blue (MB) 400 

Clomipramine (CP) 64 

Verapamil (VP)  1250 

Ampicillin (AMP) 256 

+ PZ AMP (128)   +   PZ (32) 1.0 additive 

+  MB AMP (128)  +   MB (25) 0.562 additive 

+ CP AMP (64)   +   CP (32) 0.75 additive 

+  VP AMP (256)  +  VP ( 1250) 2.0 indifferent 

Tetracycline (TC) 32 

+ PZ TC (4)  +   PZ (16) 0.375 synergistic 

+ MB TC (16)  +  MB (50) 0.625 additive 

+ CP TC (8)  +   CP (8) 0.375 synergistic 

+ VP TC (32)  +   VP ( 1250) 2.0 indifferent 

Erythromycin (ERY) 64 

+ PZ ERY (16)   +    PZ (16) 0.50 synergistic 

+  MB ERY (16)   +    MB (25) 0.562 additive 

+ CP ERY (2)  +    CP (4) 0.093 synergistic 

+ VP ERY (64)  +   VP ( 1250) 2.0 indifferent 

Gentamicin (GENT) 0.5 

+  PZ GENT (0.25)  +   PZ (16) 0.75 additive  

+ MB GENT (0.25)  +   MB (25) 0.562 additive 

+ CP GENT (0.25)  +   CP (32) 1.0 additive 

+ VP GENT (0.5)  +  VP ( 1250) 2.0 indifferent 
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5.2. Antibacterial effects and interactions of antibiotics with diacetyldihydropyridines  

      and dibenzoyldihydropyridines on Escherichia coli strains 

            Dihydropyridines are Ca
2+

-channel antagonists (143-146) which can interact with 

other antibiotics (147-151). On the other hand, the antibacterial interaction of macromolecules 

with phenothiazines or antidepressants in vitro have been to be dependent on the chemical 

structures (152, 153). The antibacterial effects of tricyclic neuroleptics and antidepressants 

have been described earlier (133, 154-158). Some of the non-conventional antibiotics could 

also reverse the antibiotic resistance of various bacteria by an antiplasmid effect (159-161). 

The combinations of PZ with AMP, TC or ERY or the combination of MB and ERY 

produced enhanced antibacterial activity against  E. coli (162, 155).

VP in combination with AMP reduced the activity of AMP against the E. coli K12       

LE 140/F' lac strain (162). The new Ca
2+

-channel antagonists may produce resistance-

modifying effects. The effects of new BzDHPs (GB1-GB15) on E. coli strains were examined 

(Figure 3) (163). 

We previously found a structure activity relationship for of AcDHPs (Figure 4). 

AcDHPs (G1-G11) contain acetyl groups, BzDHPs [GB1-GB15] contain benzoyl groups, and 

NP has methyl esters at positions 3 and 5, respectively (164). 

 5.2.1. Antibacterial effects and interactions of ampicillin and erythromycin with 

           3,5-diacetyl-1,4-dihydropyridines (AcDHPs) (G1-G11)

         These features were tested with checkerboard and time-killing methods (Tables 4-9). 

The MICs of the AcDHPs after 24 h were measured on three different E. coli strains.  

No antibacterial effect was seen with the non-antibiotics up to a concentration of 100 g/mL 

in the checkerboard studies (Tables 4-9).

Effects of combinations  AcDHPs  (G1-G11) with AMP 

       Synergistic effects of AcDHPs with AMP were seen against E. coli K12 LE 140 /F' lac

after 24 h. The combinations with seven AcDHPs (G1, G3, G4, G7, G8, G10 and G11) 

reduced the AMP MIC to 1 g/mL and the MIC of NP to 2 g/mL. Two compounds,               

G9 (MIC: 16 g/mL) and VP (MIC: 32 g/mL), were less effective than the others. The most 

effective compounds were G1, G3, G4, G7, G8, G10 and G11. An additive effect was exerted 
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by G2 with AMP (Figure 5). Additive effects observed for combinations of G5, G6, and NP 

with AMP. 

 The MIC of AMP against the clinical isolate E. coli AMPsens  ERYres after 24 h in  

combination with G1 was antagonistic (MIC for AMP: 32 g/mL) (Table 5). Ten other 

AcDHPs  (G2-G11) (MIC: 8 g/mL) and NP (MIC: 8 g/mL) were indifferent and only VP 

(MIC: 4 g/mL) demonstrated an additive effect.  

 We studied the antibacterial effect of AMP on the clinical isolate of the                         

E. coli   AMPres • ERYres strain. AMP alone had an MIC of 256 g/mL. In combination with 

G1-G11, VP and NP, the MIC was 128 g/mL (Table 6). The compounds in combination 

with AMP displayed additive effects, except for VP were the effect indifferent. 

Effects of combinations of AcDHPs (G1-G11) with ERY

The AcDHPs (G7-G8) displayed synergistic effects with ERY against E. coli K12                     

LE  140/F' lac after 24 h  the MICs of G7 (MIC: 2 g/mL) and G8 (MIC: 2 g/mL) were 

synergistic (Table 7). The MICs  of G2, G3, G10, G11, VP and NP were additive               

(MIC: 4 g/mL).  G1, G4, G5, G6 and G9 were indifferent in combination with ERY against 

the E. coli K12 LE 140/F' lac strain (Table 7). G7 was the most effective of the 11 AcDHPs 

(G1-G11) (Figure 6).

The combinations of ERY with 11 AcDHPs (G1-G11) shown additive effects against

E. coli AMPsens  ERYres (MIC: 16-32 g/mL ) and NP (MIC: 32 g/mL) had an additive  

effect on the MIC of ERY  VP (MIC: 32 g/mL) exerted an indifferent effect (Table 8). 

The combinations of the AcDHPs (G1-G11) with ERY the clinical isolate   

E. coli AMPres  ERYres  had additive effects VP exerted an indifferent effect (Table 9). 

 5.2.2. The antibacterial effects and interactions of 3,5-dibenzoyl-1,4-dihydropyridines 

(BzDHPs) (GB1-GB15) 

Three different E. coli strains: E. coli K12  LE 140/F’lac,  E. coli AMPsens• ERYres and 

E. coli AMPres • ERYres  was tested (Table 10).

  On the E. coli K12 LE 140/F’lac strain, the MICs of the BzDHPs after a single 

administration were 64 g/mL for GB1, 32 g/mL for GB3, 64 g/mL for GB4 and                

64 g/mL for GB12 (Table 10).  
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Of the 15 compounds (8 g/mL of each) which were used in combination with ERY 

against the E. coli K12 LE 140/F’lac strain, GB12 (MIC: 2 g/mL) was the most synergistic, 

followed by GB1 (MIC : 4 g/mL), and GB3, GB4, GB6, GB7, GB10, GB14, GB15, VP, and 

NP (MIC: 4 g/mL). GB2, GB5, GB8, GB9 GB11 and GB13 (MIC: 8 g/mL) were not 

active (Table 10).

On the E. coli AMPsens •  ERYres strain, the MICs of the 15 GB compounds after a 

single administration were 16 g/mL for GB2, GB3 and GB5 which were the most 

synergistic.  GB1, GB4, GB6 and GB12 displayed MICs of 32 g/mL) in combination. GB7, 

GB9, GB11 and GB14 (MIC: 64 g/mL) showed additive activity. GB8, GB10, GB13 and 

GB15 (MIC: 128 g/mL) were indifferent (Table 10). 

On the E. coli AMPres  ERYres  strain, for the MIC of ERY alone was 256 g/mL. 

The results combinations of 15 GB compounds (125 g/mL of each) with ERY showed that 

GB5 (MIC: 8 g/mL) was the most synergistic. 

GB2, GB3, GB4 and GB6 had MICs of 16 g/mL  and GB1 and GB7 had                 

MICs of 32 g/mL. The combination of GB5 exerted a synergistic effect with ERY. GB8 - 

GB15 had  MICs of 128 g/mL. There were no active compounds (Table 10). 
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Table 10.  MICs   of  erythromycin and combination  effect  with   3,5-dibenzoyl-     

                    1,4-dihydropyridines GB1-GB15  against three E. coli strains 

MIC ( g/mL)

Compounds E. coli

  K12 LE 140/F’lac

E. coli 

   AMPsens • ERYres 

E. coli

    AMPres • ERYres 

Erythromycin
(ERY)

MIC value 

(µg/mL 

GB) of 

GB alone 

(alone) 8

MIC

value

(µg/mL 

ERY)

of ERY 

with

each

8

µg/mL

GB

MIC value 

(µg/mL 

GB) of GB 

alone

(alone) 128 

MIC value 

(µg/mL 

ERY of 

ERY with 

each

125 µg/mL 

GB

MIC value 

(µg/mLGB) 

of GB alone 

(alone) 256

MIC value 

(µg/mL 

ERY) of 

ERY with 

each

125 µg/mL 

GB

+ GB1 64 4 128 32 256 32
+ GB2 1250 8 1250 16 1250 16
+ GB3 32 4 64 16 128 16
+ GB4 64 4 128 32 256 16
+ GB5 1250 8 1250 16 1250 8
+ GB6 128 4 256 32 512 16
+ GB7 256 4 512 64 512 32 

+ GB8 1250 8 1250 128 1250 128 

+ GB9 1250 8 1250 64 1250 256

+ GB10 256 4 512 128 512 128 

+ GB11 1250 8 1250 64 1250 128

+ GB12 64 2 128 32 256 128 

+ GB13 1250 8 1250 128 1250 256

+ GB14 256 4 512 64 512 256 

+ GB15 256 4 512 128 512 256 

+ Verapamil 

(VP) 1250 4 1250 1250 1250 1250

+ Nifedipine 

(NP) 1250 4 1250 1250 1250 1250
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5. 3. Antibacterial effects and interactions of antibiotics and resistance modifiers on  

        methicillin-resistant Staphylococcus aureus strains 

 A lot of S. aureus strains are known to be resistant to different antibiotics as well as to 

methicilline (165). It is also recognised that methicillin resistance often goes together with 

macrolid resistance.  

 In our current research we studied the interaction of different antibiotics (AMP, ERY, 

GENT, TC) and resistance modifiers (PZ, imipramine, omeprazol, reserpine, yohimbine, VP 

on 4 methicillin-resistant and 4 methicillin-sensitive S. aureus strains with a checkerboard 

method . 

 We have found that the 8 S. aureus strains were sensitive to gentamicin. The grow of 

strains were not significantly inhibited by the resistance modifiers omeprazol, reserpine, 

yohimbine, VP (Table 11).  

 The oxacillin and PZ combination showed a synergistic antibacterial effect on a 

methicillin resistant S. aureus strain 13137 (MRSA), it was additive in 4 instances 1190 

(MSSA), 4916 (MSSA), 5814 (MSSA), 13137 (MSSA), indifferent to 2 strains 4916 

(MRSA), 5814 (MRSA) and  1 strain was antagonistic 1190 (MRSA) (Table 12). 

 We studied the effect of the oxacillin and VP in combination on methicillin-sensitive       

S. aureus strains, only additive effect was found in 3 strains of the 4 (1190 MSSA), 4916 

(MSSA), 5814 (MSSA) and in 1 strain the effect was found indifferent (13137 MSSA)           

(Table 13). 

 We experienced additive effect in all cases when studying the effect of oxacillin and 

imipramine in combination on methicillin-resistant strains (Table 14). 
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5.4. Studies on plasmid elimination 

F'lac plasmid elimination was studied with the broth dilution method on the                

E. coli K12 LE 140/F'lac strain. The lac
+
 and lac  colonies were counted on EMB lactose 

agar.

Since GB12 showed the most effective antibacterial activity in combination with ERY, 

it was decided to study this combination for PZ induced plasmid elimination. The effect of 

GB12 was not influenced by PZ at 20, 40, 60 and 100 g/mL. However, 80 g/mL PZ caused 

a noteworthy plasmid elimination from E. coli K12 LE 140/F’lac (Figure 7). The F' lac 

plasmid elimination of PZ alone was 28.5%, whereas that of PZ with GB 12  was 62%.

The number of colonies examined ranged from 3700 to 4300. 

The R-plasmid elimination effect of PZ was studied with the broth dilution method 

on the methicillin-resistant S. aureus 13137 strain. The R-plasmid elimation was determined 

with a replica method. The antibiotic-sensitive colonies were isolated: 3.9% for ERY,          

4.4%  TC and 3.7 % for oxacillin. The number of colonies examined ranged from 3900            

to 4200. The plasmidless colonies were further studied by PCR. 



37

Figure 7.  F' lac plasmid elimination of promethazine alone and with  

compound (GB12) on E. coli K12 LE 140 strain 
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5.5. Identification of mecA, ermA and nucA genes in methicillin-resistant 

Staphylococcus aureus 13137 strain after plasmid elimination by PCR 

Methicillin-resistant staphylococci (MRS) are resistant to all penicillins, including 

semisynthetic penicillinase-resistant congeners, penems, carbapenems and cephalosporins.      

S. aureus isolates harbouring the mecA gene, which encodes for penicillin-binding protein 2a 

(PBP2a) (166), are associated with methicillin resistance (167).  

The MRS typically express their resistance heterogeneously with only a few cells, 1 in 

10
4
or 10

6
, expressing the phenotype (168). The polymerase chain reaction (PCR) assay 

provides a genotypic approach for the detection of mecA that does not depend on the 

unpredictable phenotypic expression of mecA-mediated methicillin resistance (168). Detection

of this gene is considered the reference method for detecting methicillin resistance in 

staphylococci.

S. aureus can be distinguished from other Staphylococcus spp. by the presence of the 

nuc gene, which codes for an extra cellular thermostable nuclease (169). Resistance to ERY in 

staphylococci is usually associated with resistance to other macrolides, to the lincosamides, 

and to type B streptogramin (MLS). This resistance is mediated by a single alteration in the 

ribosome, the n6-dimethylation of an adenine residue in the 23S rRNA.  

This dimethylation leads to a conformational change in the ribosome, rendering the  

strain resistant to most antibiotics of the MLS group. Three genes (ermA, ermB and ermC) 

encoding methylases have been found in staphylococci (170, 171). Another mechanism of 

inducible resistance to ERY is conferred by the gene msrA, which encodes an ATP-dependent 

efflux pump (172). 

We used the methicillin-resistant S. aureus 13137 strain as standard.  Its sensitive 

counter part was used as negative control. The clones that did not pass the substrate 

containing tetracycline were mecA-positive (4-7 lines) (Figure 8).  

              The clones that did not pass substrates containing ERY (11, 13, 15, 17 and 18 lines) 

and oxacillin became mecA-negative (12, 14 and 16 lines).

              PZ was effective as a curing agent when the mecA gene was eliminated and 

consequently the primer could not hybridize to this sequenc and amplification did not occur 

(Figure 8). 
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  The resistant wild strain was used as positive control (2 lines) without treatment. As 

a negative (3 lines) the sensitive strain was used (Figure 9).

               On both substrate plates, containing TC and oxacillin, non-growing clones were  

positive, that is they carried the ermA gene, except for one clone (10 lines). 

              Markers are presented (1 and 18 lines) (Figure 9). 

  The presence of the nuc gene was identified by PCR in a control, untreated strain 

that was nucA-positive (Figure 10). We ran those clones that did not grow on substrate 

containing antibiotics after replication by velvet. Result: during gel treatment all the clones 

carried the nucA gene (Figure 10).

Marker: D-3687 PCR Low Ladder (Sigma) containing from 100, 200 to 1000 bp. 
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5.6. Fluoro-luminometric analysis of drug interaction between ampicillin and     

      promethazine on Escherichia coli containing green fluorescence protein and   

      luciferase 

The effects of AMP, PZ and their combination on bacterial growth and viability 

measured by GFP fluorescence and luciferase bioluminescence (Table 15, Figure 11 and 

Figure 12). GFP accumulates in cells during growth and therefore observed GFP fluorescence 

is a measure of cell growth. The luciferase reaction is dependent of ATP produced by only 

catabolically active living cells, so that the bioluminescence is a measure of viable cells.  

In the presence of AMP the growth of E. coli cells was suppressed as observed from 

the fluorescence and bioluminescence signals. According to bioluminescence most of bacteria 

are killed after 20 hours of incubation at AMP concentrations higher than 250 g per mL The 

effect of AMP on bacteria is, however, found to be mainly "bacteriostatic" according to the 

fluorescence data. The fluorescence values were increased notably at each tested AMP 

concentrations during the incubation compared to the values at the beginning indicating that 

AMP mainly inhibites cell division. PZ has no antimicrobial effects at low concentrations. On 

the other hand, at higher concentrations the effect of PZ is similar "bactericidal" with AMP 

according to bioluminescence. Moreover, there were no increase in fluorescence during 

incubation at higher PZ concentrations which revealed that the effect of PZ is clearly 

bactericidic and lytic at concentrations above 250 g/ mL. The relatíve fluorescence refers to 

the cell integrity. The relatíve luminoescence refers to the methabolicate living  

 In the presence of both AMP and PZ the growth of E. coli was substantially 

suppressed. Results obtained by fluorescence and bioluminescence suggest that the 

combinations of AMP and PZ function synergistically. It is obvious that PZ has limited 

antimicrobial effects at low concentrations but it enhances the activity of AMP against E. coli

significantly. Thus clear synergism was observed between AMP and PZ at AMP and PZ 

concentrations up to 125 g / mL. 
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6. DISCUSSION 

The direct antibacterial activity of phenothiazines against susceptible bacteria has been 

studied over many years (154, 155). The use of these compounds for the management of 

bacterial infections has not been attempted because the concentrations that inhibit bacterial 

growth in vitro (133) are not achievable clinically. Some of these compounds are also known 

to produce serious side-effects. Nevertheless, the administration of clinical doses of the 

phenothiazine, PZ as an adjuvant to conventional antibiotic therapy for difficult paediatric 

bacterial infections has yielded significant success as compared with the use of the antibiotic 

alone. This enhancement of antibiotic activity against selected species of bacteria has been 

reproduced in vivo with various phenothiazines in combination with GENT (173) and with 

other drugs in vitro (174). 

The mechanism by which phenothiazines, their derivatives and structurally similar 

compounds enhance the activity of conventional antibiotics has been postulated to involve 

plasmid curing, interaction with plasmid DNA, and functional alterations of the plasma 

membrane of the bacteria, to the extent that transport mechanisms are affected. The direct 

action of the phenothiazines on the permeability of the membrane itself has also been 

considered (175). 

 E. coli, P. aeruginosa and S. epidermidis are moderately sensitive to phenothiazines 

since the concentrations that inhibit growth exceed 60 g/mL, as shown in this and other 

studies (162). These organisms are well suited for studies of potential enhancement of 

antibiotic activity by such compounds. The results obtained in this study did not identify any 

combination with a given antibiotic when challenged against different species of bacteria.

Synergistic interactions were found for AMP plus PZ, AMP plus MB, AMP plus CP, 

TC plus PZ, ERY plus PZ and ERY plus MB on the E. coli K12 LE 140 F’ lac strain in vitro.

Other authors studied the action of combinations of the synthetic peptides and 

antibiotics on E. coli (176). Neither synergy nor antagonism was revealed with antibiotics 

AMP or vancomycin that interact with the cell wall. 

Synergic interactions between the different peptides and ERY were observed when 

tested against E. coli. Several synergy studies on antimicrobial peptides have been reported 

(177-180).
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The macrolides are large hydrophobic antibiotic molecules that are usually ineffective 

against Gram-negative bacteria owing to the OM barrier or efflux of the antibiotic (181, 182). 

Several cationic antibacterial peptides are known to interact with the OM of Gram-negative 

bacteria, making this outer protective shield more permeable (183). Another possible mode of 

action may be a blockade of macrolide efflux pumps by the peptides. Other authors reported 

on synergy between a macrolide and cationic peptides, concluding that this was a complex 

mechanism probably involving a peptide-induced entrance of large lipophilic molecules into 

the cell (184). 

ERY acts on the ribosomal 50S subunit, inhibiting translation by blocking either the 

peptide transferase action or the translocation step  whilst not entirely excluding the 

hypothesis of an increased uptake as a result of increased permeability of the LPS, it is 

possible that antibacterial peptides and ERY may inhibit sequential steps in the protein 

biosynthesis (185). 

Similar synergistic effect were found for TC plus PZ, TC plus CP, ERY plus PZ and  

ERY plus CP on S. epidermidis strains in vitro.

Synergism was observed with a combination of GENT plus MB on a P. aeruginosa

strain in vitro. Another author also established sensitivity to GENT, amikacin, carbenicillin 

and tobramycin on P. aeruginosa (186).

The activities of these compounds, at the level of the plasma membrane are modified 

by the nature of the cell wall, and thus are species specific. The activity, when present, is a 

result of the interaction of the antibiotic and the compound external to the membrane itself. 

The latter possibility has been proposed by other workers (187). Synergistic activities 

demonstrable for a given combination of antibiotic and a modifier of antibiotic activity for a 

species of bacteria may indeed prove clinically useful if such activity is present consistently 

for strains of that species.

 Synergistic or additive effects of AcDHPs (G1–G11) with AMP or ERY have been 

shown on E. coli K12 LE 140/F’lac and E. coli AMPsens • ERYres.. These effects of synergistic 

or additive combinations are supported by additional experiments, in which trimeprazine 

exhibited significant synergistic antimicrobial activity when combined with either 

trimethoprim or sulfathiazole (188, 189). The present results clearly define the effects of 

combinations of AcDHP analogues (G1-G11) with AMP or ERY, which are of some interest. 
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Apparently the synergism of Ca
2+

-channel blockers and antibiotics depends on the 

chemical structures of the dihydropyridines.  

The results suggest that BzDHP may be a MDR modifier, as VP or NP, may act as a 

Ca
2+

-channel blocker and, due to this, may inhibit the efflux of ERY or other macrolides of 

leucomycin (184). The enhancing effect of the BzHDPs on the antibacterial action of some 

macrolides may be important in the treatment of infections, as found previously for other 

phenothiazines (160). The relationship between the biological effects and the chemical 

structures of BzDHPs is a promising field justifying further studies.

Other authors investigated the effects of 3,5-diacetyl- and 3,5-dibenzoyl-1,4-dihydro-                    

pyridines on the vascular functions in vitro by comparing their mechanical and 

electrophysiological actions on rat aorta rings and single rat tail artery mycocytes and 

quantifying their MDR-reversing activity in mouse T-lymphoma cells transfected with the 

MDR1 gene (190).

 PZ eliminated the F' lac plasmid of the E. coli K12 LE 140 strain. PZ in combination 

with GB12 (40 g/mL) increased the elimination of F' lac plasmid. Other authors studied the 

plasmid-curing efficiency of chlorpromazine with strains of E. coli K12 carrying F-prime lac 

or the resistance factor R-144. The mechanism of plasmid curing by surface action of the 

drugs is suggested as an alternative to direct intercalation of chlorpromethazine into the 

plasmid DNA (155). 

Some tricyclic psychotropic drugs are known to have plasmid-curing avtivity. Other 

phenothiazines, such as chlorpromethazine sulfoxide, are not able to intercalate into E. coli 

DNA. It is concluded that the plasmid-curing ability is not necessarily related to the 

intercalation ability (191). Other authors have established that psychotropic drugs and some 

related compounds lead to the elimination of the F' lac plasmid of E. coli K12 LE 140 (155). 

The R-plasmid elimination effect of different concentration of PZ was studied on 

methicillin-resistant S. aureus 13137 strain. The plasmidless colonies were tested by PCR.  

 The mecA, ermA and nucA genes from the sensitive colonies were identified. The 

colonies that did not pass substrates containing ERY and oxacillin became mecA-negative. 

The mecA gene was eliminated by PZ as plasmid-curring agent and this was confirmed by 

PCR. The ermA gene was eliminated from one clone only. The nuc gene was identified  all 

the clones carried the nuc gene.
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Other authors have used PCR assay to identify methicillin-resistant S. aureus from 

clinical samples (192).  

The mecA gene is a 2.4-kb chromosomal determinant encoding the PBP-2' protein 

which is not subject to dissemination via plasmid spread among staphylococcal strains (138).  

The reliability of various methods for the species identification of S. aureus was 

evaluated. When the nuc gene, which encodes S. aureus thermonuclease (TNase), was 

amplified in a multiple PCR, simultaneously with the mecA gene, which encodes for the       

MR-associated penicillin-binding protein 2a of staphylococci the results showes that the 

detection of the nuc gene or its TNase product is highly reliable for the identification of both 

MRSA and MSSA strains, while various widely used agglutination kits do not show the same 

reliability for the identification of MRSA strains (169). 

The TNase protein has been well characterized (193) and its gene, the nuc gene, has 

been cloned and sequenced (194). An enzymatic test for TNase production is used in many 

laboratories for the identification of S. aureus isolates (195). The PCR for amplification of the 

nuc gene is of potential for the rapid diagnosis of S. aureus by direct testing of clinical 

specimens (138). 

 Luminescence studies confirmed the strong synergistic bactericidal interactions 

between antibiotics and non-antibiotics in the case of AMP and PZ noteworthy green 

fluorescence protein content of the treated bacteria.

The antibacterial effects of antibiotics AMP and antibiotics plus resistance modifiers 

PZ on E. coli strains were measured in a system containing gFP and luciferase. Such bacterial 

constructs give an opportunity to measure the bacterial growth via GFP fluorescence and 

simultaneously the viability of GFP-containing cells can be measured by luciferase 

bioluminescence. 

 Other author have made similar investigations (196). The fluoro-luminometric assay 

of bacterial viability and killing of a recombinant strain of E. coli produced via transformation 

is performed with plasmids containing gfp and luc genes. The total number of cells and the 

activity of the bacteria are measured in microtiter plate wells without user-intervention as 

fluorescence and bioluminescence, which makes the assay suitable for high throughput 

screening applications. Using the non-volatile insect luciferin as a substrate makes possible 

the precise initiation of the bioluminescence reaction in each well. Instead of measuring the 

fluorescence of single cells as in flow cytometry, in the fluoro-luminometric  



45

assay, it is possible to measure the total fluorescence from the sample mixture, which allows 

estimation of the cell number, even in situations when some of the cells have lysed during 

incubation .

 Flow cytometric single cell analysis is a reliable method with which to determine the 

total cell number as well as the number of fluorescence-labeled cells. However, the flow 

cytometer is a complex, expensive instrument which equires special operating and result 

interpretation expertise (197). 

The viability and killing of E. coli was measured on a real-time basis using a fluoro-

luminometric device. Bacteria were made fluorescent and bioluminescent by expression of 

gfp and insect luciferase (lucFF) genes. The GFP is a highly fluorescent, extremely stable 

protein, which accumulates in cells during growth, and therefore the measured fluorescence 

signal is proportional to the total number of cells. The luciferase reaction is dependent on 

ATP produced by living cells, so that the bioluminescence level is a direct measure of the 

viable cells (198).
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7. SUMMARY 

 The individual activities of antibiotics such as AMP, TC, ERY and GENT in 

combination with compounds known to modify bacterial resistance to given antibiotics were 

studied by using the checkerboard and time-killing methods. The combinations of PZ with 

AMP, TC or ERY or the combination of MB and ERY produced significant synergistic 

activity against E. coli. VP, however, in combination with AMP reduced the activity of AMP 

against E. coli. The combinations of CP with either TC or ERY were synergistic. PZ and ERY 

or VP and AMP were synergistic against S. epidermidis that was resistant to these antibiotics 

alone. The only synergy against P. aeruginosa was shown by the combination of MB and 

GENT.

Fifteen BzDHPs, (GB1-GB15) were tested on three different E. coli strains. The 

compounds had relatively high MICs on these strains. In combination with ERY GB1, GB3, 

GB4, GB6, GB7, GB10 and GB12 reduced the MIC of ERY.

When the BzDHPs were tested on an E. coli AMPsen • ERY res strain isolated from a 

clinical specimen, the reductions in the MIC values were similar to those obtained on other         

E. coli  strains. In the polyresistant clinically isolated E. coli AMP res • ERY res strain, the MIC 

of ERY was slightly reduced in the presence of GB1-GB7. GB12 was the most effective in 

enhancing the activity of ERY, and was selected for plasmid elimination studies.  

 Eleven analogues NP (G1-G11) showed synergistic interactions with AMP and ERY 

on E. coli K12 LE 140/F’lac. The antibacterial effect of AMP was enhanced by most 

analogues, but G9 and VP were antagonistic. Two of the 11 compounds (G7and G8) were 

synergistic with ERY and 4 were additive. With an AMP-sensitive clinical isolate of E. coli

AMPsens • ERYres, G1 antagonized the antibacterial effect of AMP and a synergistic effect was 

found for  the an combinations of ERY with G4, G5, G6 or G7. None of the drugs had any 

effect on MDR clinical isolate of E. coli AMPsens • ERYres.

  PZ eliminated the F' lac plasmid of the E. coli K12 LE 140 strain. PZ in 

combination with GB12 (40 g/mL) increasedthe elimination of F' lac plasmid. 

     The R-plasmid elimination effect of different concentration of PZ was studied on 

methicillin-resistant S. aureus 13137 strain. The plasmidless colonies were tested by PCR. 

 The MRS were resistant to all penicillins, including semisynthetic penicillinase-

resistant congeners, penems, carbapenems and cephalosporins. Resistance to ERY in 

staphylococci is usually associated with resistance to other macrolides, to the lincosamides,  
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and to type B streptogramin (MLS).  We used the methicillin-resistant  S. aureus 13137 strain

as standard. The clones that did not pass the substrate containing TC were mecA-positive.

The clones that did not pass substrates containing ERY and oxacillin became mecA-negative.

The mecA gene was eliminated by PZ as curing agent and this was confirmed by PCR.  

On both substrate plates containing TC and oxacillin, non-growing clones were positive, that 

is they carried the ermA gene, except for one clone. During the gel treatment all the clones 

carried the nucA gene.

 The fluorescence-luminescence-based method proved to be very useful for various 

bacterial viability and killing measurements. The assay can be performed on a real-time basis 

without user-intervention. Combined fluoro-luminometric measurement allows a better 

estimation of the total number of bacteria and the activity of bacterial cells instead of separate 

measurements. The fact that the cells need to be transformed with genes responsible for 

fluorescent and bioluminescent signals limits the applications of this method. However, the 

main application of the method is to monitor the effects of various bacteriostatic and 

bactericidal agents and not to examine the survival or killing of mixed cell populations.  

A good marker for the cellular catabolic activity is bioluminescence emitted in 

reactions catalysed by the luciferases.  The luciferases are a heterogeneous group of enzymes, 

with a majority of the research to date centred upon bacterial luciferases encoded by luxAB

genes and beetle luciferases encoded by luc genes such as that of the firefly P. pyralis.

Bacterial luciferases have certain unfavourable properties: they require long-chain, volatile, 

water-insoluble fatty aldehydes as substrates, and as heterodimetric proteins, their expression 

in various hosts is difficult. In contrast, insect luciferases are easily expressed in prokaryotes 

and mammalian cells.  

The insect luciferases catalyse the following reaction:  

ATP + D-luciferin + O2  ADP + PPi + oxyluciferin + H2O. D-luciferin passes 

through cell membranes, and the reaction is initiated without disruption of the cells. Because 

only catabolically active cells produce ATP, the bioluminescence emission is directly 

proportional to the activity of the cells, making bioluminescence a good indicator of the 

number of viable bacteria. 

The automated analyses are very easy and fast to carry out, which allows new 

possibilities to follow changes in bacterial cultures, as well as to determine microbicidal 

effects of various chemical agents such as antibiotics and disinfectants, immunological agents
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such as complement and phagocytes and physical agents such as heat and irradiation. The 

assay is suitable for the high throughput screening of large numbers of samplesthe search for 

in new drugs.

In the presence of both AMP and PZ the growth of E. coli was substantially 

suppressed. Results obtained by fluorescence and bioluminescence suggest that the 

combinations of AMP and PZ function synergistically. It is obvious that PZ has limited 

antimicrobial effects at low concentrations but it enhances the activity of ampicillin against  

E. coli significantly. Thus clear synergism was observed between AMP and PZ at AMP and 

PZ concentrations up to 125 g/mL.  



48 

8. REFERENCES 

1. Mitsuhashi S, Harada K and Hashimoto H: Multiple resistance of enteric 
bacteria and transmission of drug resistance to other strain by mixed cultivation 
Jap. J. Exp. Med. 30: 179-184, 1960. 

2. Finland M: Emergence of antibiotic resistance in hospitals, 1935-1975. 
Rev. Infect.Dis. 1: 4-22, 1979. 

3. Jeljaszewicz J, Mlynarczyk G and Mlvnarczyk A: Antibiotic resistance in 
Gram-positive cocci. Int. J. Antimicrob. Agents. 16: 473-478, 2000. 

4. Livermore DM: Antibiotic resistance in Staphylococci. 
Int. J. Antimicrob. Agents. 16: 3-10, 2001. 

5. Warren E, Levinson W E and Jawetz E: Medical Microbiology and 
Immunology. Third edition. United States of America, pp. 54-59. 1994. 

6. Hawkey PM: The origin and molecular basis of antibiotic resistance. BMJ. 317: 
657-660, 1998. Avww.bmj.com/ 

7. Herrera D, Aleixandra V, Urios A and Blanco M: Quinolone action in 
Escherichia coli cells carrying gyrA and gyrB mutations. 
FEMS Microbiol. Lett. 106: 187-191, 1993. 

8. Taddei F, Matic I, Godelle B and Radman M: To be a mutator, or how 
pathogenic and commensal bacteria can evolve rapidly. 
Trends Microbiol. 5: 427-428. 1997. 

9. Karunakaran P and Davies J: Genetic antagonism and hypermutability in 
Mycobacterium smegmatis. J. Bacteriol. 182: 3331-3335, 2000. 

10. McKenzie GJ and Rosenberg SM: Adaptive mutations, mutator DNA 
polymerases and genetic change strategies of pathogens. 
Curr. Opin. Microbiol. 4: 586-594, 2001. 

11. Riesenfeld C, Everett M, Piddock LJ and Hall BG: Adaptive mutations 
produce resistance to ciprofloxacin. 

Antimicrob. Agents Chemother. 41: 2059-2060, 1997. 
12. Rosenberg SM: Evolving responsively: adaptive mutation. 

Nat. Rev. Genet. 2: 504-515,2001. 
13. Kohler T, Michea-Hamzehpour M, Plesiat P, Kahr A and Pechere 

JC: Differential selection of multidrug efflux systems by quinolones in 
Pseudomonas aeruginosa. Antimicrob. Agents Chemother. 41: 2540-2543, 1997. 

14. Giraud A, Matic I, Tenaillon O, Clara A, Radman M, Eons M. and 
Taddei F: Costs and benefits of high mutation rates: adaptive evolution of 
bacteria in the mouse gut. Science. 291: 2606-2608, 2001. 

15. Alonso A, Campanario E and Martinez JL: Emergence of multidrug-reistant 
mutants is increased under antibiotic selective pressure in Pseudomonas 
aeruginosa. Microbiology. 145: 2857-2862, 1999. 

16. Martinez JL and Baquero F: Mutation frequencies and antibiotic resistance. 
Antimicrob. Agents Chemother. 44: 1771-1777, 2000. 

17. Petrosino JF, Pendleton AR, Weiner JH and Rosenberg SM: 
Chromosomal System for studying AmpC-mediated P-lactam resistance mutation 
in Escherichia coli. Antimicrob. Agents Chemother. 46: 1535-1539, 2002. 

18. Li LY, Schoemaker NB and Salyers AA: Location and characteristics of the 
transfer region of a Bacteroides conjugative transposon and regulation of transfer 
genes. J. Bacteriol. 177: 4992-4999, 1995. 



49 

19. Hwang I, Li PL, Zhang L, Piper KR, Cook DM, Tate ME and Far rand SK: 
Tral a Luxl homologousue, is responsible for production of conjugation 
factor, the Ti plasmid N-acylhomoserine lactone autoinducer. 
Proc. Natl. Acad. Sci. USA, 91: 4639-4643. 1994. 

20. Tomoeda M, Inuzuka M and Date T:Bacterial sex pili. 
Prog. Biophys. Mol. Biol., 30: 25-36, 1975. 

21. Jakob AE and Hobbs SJ: Conjugal transfer of plasmid-borne multiple antibiotic 
resistance in Streptococcusfaecalis var. zymogenes. J. Bacteriol. 117: 360-372. 1974 

22. Me Don ell RW, Sweeney HM and Cohen S: Conjugational transfer of 
gentamicin resistance plasmids itra-and interspecifically in Staphylococcus 
aureus and Staphylococcus epidermidis. 
Antimicrob. Agents Chemother. 23: 151-160, 1983. 

23. Sprat t BG: Resistance to antibiotics mediated by target alterations. 
Science. 264: 388-393. 1994. 

24. Bedzyk LA, Sehoemaker NB, Young KE and Salvers AA: Insertion and 
excision of Bacleroides conjugative chromosomal elements. 
J. Bacteriol. 174: 166-172, 1992. 

25. Cohen SN and Shapiro J A: Transposable genetic elements. 
Sci. Am. 242: 40-49, 1980. 

26. Watanabe T: Infective heredity of multiple drug resistance in bacteria. 
Bact. Rev. 27:87-115, 1963. 

27. Davies J : Inactivation of antibiotics and the dissemination of resistance genes. 
Science. 264: 375-382, 1994. 

28. Low KB: Escherichia co/i K12 F-prime factors, old and new. 
Bacteriol. Rev. 36: 587-607, 1972. 

29. Lazdunski CJ, Baty D, Geli V, Cavard D, Morion J, Lloubes R, Howard 
SP, Knibiehler M, Chart ier M, Varenne S Frenette M, Dasseux J and 
Pattus F: The membrane channel-forming colicin-A synthesis: secretion, 
structure, action and immunity. Biochem. Biophys. Acta. 947: 445-464, 1988. 

30. Riley MA: Molecular mechanism of colicin evolution. 
Mol. Biol. Evol. 10: \380-1395, 1993. 

31. Rilev MA: Positive selection for colicin diversity in bacteria. 
Mol. Biol. Evol. 10: 1048-1059, 1993. 

32. Espesset D, Piet P, Lazdunski C and Gcli V: Immunity proteins to pore-forming 
colicins: structure-function relationships. Mol. Microbiol. 13: 1111-1120, 1994. 

33. Riley MA: Molecular mechanisms of bacteriocin evolution. 
Annu. Rev. Genet. 32: 255-278, 1998. 

34. Sears CL and Kaper JB: Enteric bacterial toxins: mechanisms of action and 
linkage to intestinal secretion. Microb. Rev. 60: 167-215, 1996. 

35. Lcvine MM: Escherichia coli that cause diarrhoea: enterotoxogenic, 
enteropathogenic, enteroinvasive, enterohemorrhagic, and enteroadherent. 
J. Infect. Dis. 155: 377-389, 1987. 

36. Du Pont HL: Pathogenesis of traveller's diarrhea. 
Chemotherapy. 41: 33-39, 1995. 

37. Albert MJ , Farnque SM, Farnque AS, Bettelheim KA, Neogi PK, Bhuiyan 
NA and Kaper JB: Controlled study of cytolethal distending toxin-producing 
Escherichia coli infections in Bangladeshi children. J. Clin. Microbiol. 34: 717-
719, 1996. 



50 

38. AUaoui A, Scheen R, Lambert de Rouvroit C and Cornells GR: VirG, a 
Yersinia enterocolitica lipoprotein involved in Ca 1 dependency, is related 
to exsB of Pseudomonas aeruginosa. 
J. Bacteriology. 7 77: 4230-4237, 1995. 

39 Bacon GA and Burrows TW: The basis of virulence in Pasteurella pestis an 
antigen determining virulence. Br. J. Exp. Pathol. 37: 481-493. 1956. 

40. Cornells GR: The molecular basis of the virulence of Yersinia. 
Bull Mem Acad.R.Med.Belg. 145: 280-287, 1990. 

41. Cornells GR: Yersinia pathogenicity factors. 
Curr. Top. Microbiol. Immunol. 192: 243-263, 1994. 

42. Forsberg A, Rosqvist R and Wolf-Watz H: Regulationand polarized transfer 
of the Yersinia outer proteins (Yops) involved in antiphagocytosis. 
Trends Microbiol. 2: 14-19, 1994. 

43. Mae AA and Heinaru AL: Transposon-mediated mobilization of chromosomally 
located catabolic operons of the CAM plasmid by Tol plasmid transposon 

Tn4652 and CAM plasmid transposon Tn3614. 
Microbiology. 140 : 915-921, 1994. 

44. Collins J and Hohn B: Cosmids: a type of plasmid gene-cloning vector that is 
packageable in vitro in bacteriophage lamda heads. 
Proc. Natl. Acad. Sci. USA. 75: 4242-4246, 1978. 

45. Pearson RE, Jurgensen S, Sarkis GJ, Hatfull GF and Jacobs W R Jr: 
Construction of D29 shuttle phasmids and luciferase reporter phages for detection 
of mycobacteria. Gene. 183: 129-136, 1996. 

46. Vincze E and Kiss GB: A phosphate group at the cos ands of phage lambda DNA 
is not a prerequisite for in vitro packaging: an alternative method for constructing 
genomic libraries using a new phasmid vector, lambdapGY97. 
Gene. 96: 17-22, 1990. 

47. Yankovsky NK, Fonstein MY, Lashina SY, Bukanov NO, Yakubovich 
NV, Ermakova LM, Rebentish BA, Janulaitis AA and Debabov VG: 
Phasmids as effective and simple tools for construction and analysis of gene. 
Gene. <87:203-210, 1989. 

48. Schradcr-Fischcr G and Berger-Bachi B: The AbcA transporter of 
Staphylococcus aureus affects cell autolysis. 
Antimicrob. Agents Chemother. 45: 407-412, 2001. 

49. Domanski TL and Bayles KW: Analysis of Staphylococcus aureus genes 
encoding penicillin-binding protein 4 and an ABC-type transporter. 
Gene. 167: 111-113, 1995. 

50. Henze UU and Berger-Bachi B: Penicillin-binding protein 4 overproduction 
increases ¡3-lactam resistance in Staphylococcus aureus. 
Antimicrob. Agents Chemother. 40: 2121-2125, 1996. 

51. Higgins CF: ABC transporters: from microorganism to man. 
Annu. Rev. Cell Biol. <8: 67-113, 1992. 

52. Chopra I, Hawkey PM and Hinton M:Tetracyclines, molecular and clinical 
aspects. J. Antimicrob. Chemother. 29: 245-277, 1992. 

53. Schnappinger 1) and Hillen W: Tetracyclines: antibiotic action, uptake, and 
resistance mechanisms. Arch. Microbiol. 168: 359-369, 1996. 

54. Sartele K and Simpson E: The fight against superbacteria webquest 
Mount Carmel Academia, New Orleans, LA, 1999. Avww. sciam. com/ 



51 

55. Lee A, Mao VV, Warren MS, Mistry A, Hoshino K, Okumura R, 
Ishida H and Lomovskava O: Interplay between efflux pumps may provide 
either additive or multiplicative effects on drug resistance. 
J. Bacteriol. 182: 3142-3150. 2000. 

56. Thanassi DG, Suh GS and Nikaido H: Role of outer membrane barrier in 
efflux-mediated tetracycline resistance of Escherichia coli. 
J. Bacteriol. 177: 998-1007, 1995. 

57. Bissonettc L, Champetier S, Buisson JP and Roy PH: Characterization 
of the nonenzymatic chloramphanieol resistance (cmlA) gene of the In4 integron 
of Tn/ 696: similarity of the product to transmembrane transport proteins. 
J. Bacteriol. 173: 4493-4502, 1991. 

58. Orth P, Schnappinger I), Hillen W, Saenger W and Hinrichs W: Structural 
basis of gene regulation by the tetracycline inducible l e t repressor-operator 
system. Nat. Struct. Biol. 7: 215-219, 2000. 

59. Edgar R and Bibi E: MdfA, an Escherichia coli multidrug resistance protein 
with an extraordinarily broad spectrum of drug recognition. 

J. Bacteriol. 179: 2274-2280, 1997. 
60. Ma I), Cook 1)N, Alberti M, Pon ¡NG, Nikaidi H and Hearst JE : Molecular 

cloning and characterization of acrA and acrE genes of Escherichia 
coli. J. Bacteriol. 175: 6299-6313, 1993. 

61. Poole K, Krebes K, McNally C and Neshat S: Multiple antibiotic resistance 
in Pseudomonas aeruginosa: evidence for involvement of an efflux operon. 
J. Bacteriol. 175:7363-7372. 1993. 

62. Kobayashi N, Nishino K and Yamaguchi A: Novel macrolide-specific ABC-type 
efflux transporter in Escherichia coli. 
J. Bacteriol. 183: 5639-5644. 2001. 

63. Gottesman MM and Pastan 1: Biochemistry of multidrug resistance mediated by 
the multidrug transporter. Annu. Rev. Biochem. 62: 385-427, 1993. 

64. Nikaido H and Hall JA: Overview of bacterial ABC transporters. 
Methods Enzymol. 292: 3-20, 1998. 

65. Rosen BP: Families of arsenic transporters. 
Trends Microbiol. 7: 207-212. 1999. 

66. Veen HW, Venema K, Bolhuis H, Oussenko I, Kok J , Poolman B, 
Driessen AJ and Konings WN: Multidrug resistance mediated by a bacterial 
homolog of the human multidrug transporter MDR1. 
Proc. Natl. Acad. Sci. USA 93: 10668-10672, 1996. 

67. Roberts MC, Sutcliffe J, C ourvalin P, Jensen LB, Rood J and Seppala H: 
Nomenclature for macrolide-lincosamide-streptogramin B resistance determinants. 
.Antimicrob. Agents Chemotherapy. 43: 2823-2830, 1999. 

68. Reizer J , Reizer A and Saier MH J r : A new subfamily of bacterial ABC-type 
transport systems catalyzing export of drugs and carbohydrates. 
Protein Sci. / : 1326-1332, 1992. 

69. Young J and Holland IB: ABC transporters: bacterial exporters-revisited 
five years on. Biochim. Biophys. Acta 1461: 177-200, 1999. 

70. Li XZ, Nikaido H and Poole K: Role of mexA-mexB-oprM in antibiotic 
efflux in Pseudomonas aeruginosa. 
Antimicrob. Agents Chemother. 39: 1948-1953, 1995. 

71. Okusu H, Ma 1) and Nikaido H: AcrAB efflux pump plays a major role in 
the antibiotic resistance phenotype of Escherichia coli multiple-antibiotic-
resistance (Mar) mutants. J. Bacteriol. 178: 306-308, 1996. 



52 

72. Paulsen IT, Skurray RA, Tam R, Saier MH J r ,Turner RJ, Weiner 
JH, Goldberg EB and Grinius LL: The SMR family: a novel family of 
multidrug efflux proteins involved with the efflux of lipophilic drugs. 
Mol. Microbiol. 19: 1167-1175, 1996. 

73. McMurry L, Petrucci RE J r and Levy SB: Active efflux of tetracycline 
encoded by four genetically different tetracycline resistance determinants in 
Escherichia coll Proc. Natl. Acad. Sci. USA. 77: 3974-3977, 1980. 

74. Yamaguchi A, Udagawa T and Savvai T: Transport of divalent cations with 
tetracycline as mediated by the transporter MDR1. 
Proc. Natl. Acad. Sci. USA. 93:10668-10672. 1996. 

75. McMurry LM, Cullinane JC, Petrucci RE J r and Levy SB: Active uptake of 
tetracycline by membrane vesicles from susceptible Escherichia coli. Antimicrob. 
Agents Chemother. 20: 307-313, 1981. 

76. Cohen SP, Hachler H and Levy SB: Genetic and functional analysis of 
the multiple antibiotic resistance (mar) locus in Escherichia coli. 
J. Bacteriol. /75:1484-1492, 1993. 

77. George AM and Levy SB: Amplifiable resistance to tetracycline, chloramphenicol, 
and other antibiotics in Escherichia coli: involvement of a non-plasmid-determined 
efflux of tetracycline J. Bacteriol. 155: 531-540. 1983. 

78. Eckert B and Beck CF: Topology oftransposon TnlO-encoded tetracycline 
resistance protein within the inner membrane of Escherichia coli. 
J. Biol. Chem. 264: 11663-11670,1989. 

79. Argast M and Beck CF: Tetracycline uptake by susceptible Escherichia coli cells. 
Arch. Microbiol. 141: 260-265, 1985. 

80. Plesiat P and Nikaido II: Outer membranes of gram-negative bacteria are permeable 
to steroid probes. Mol. Microbiol. 6: 1323-1333. 1992. 

81. Cohen SP, McMurry LM and SB Levy: mar A locus causes decreased expression 
of OmpF porin in multiple-antibiotic-resistant (Mar) 
mutants of Escherichia coli. J. Bacteriol. 170: 5416-5422, 1988. 

82. McMurry LM, Cullinane JC and Levy SB: Transport of the lipophylic analog 
minocycline differs from that of tetracycline in susceptible and resistant Escherichia coli 
strains. Antimicrob. Agents Chemother. 22: 791-799, 1982. 

83. Pugsley AP and Schnaitman CA: Outer membrane proteins of Escherichia coli. 
VII. Evidence that bacteriophage-directed protein2 functions as a pore. 
J. Bacteriol. 133: 1181-1189, 1978. 

84. Stavropoulus TA and Strathdee CA: Expression of the tetA (C) tetracycline 
efflux pump in Escherichia coli confers osmotic sensitivity. FEMS Microbiol. Lett. 
190: 147-50, 2000. 

85. Nikaido H: Multidrug efflux pumps of gram-negative bacteria. 
J. Bacteriol. 178: 5853-5859, 1996. 

86. Saier MH, Tam R J r , Reizer A and Reizer J : Two novel families of bacterial 
membrane proteins concerned with nodulation, cell division and 

transport. Mol. Microbiol. 11: 841-847, 1994. 
87. Ma D, Cook I)N, Hearst J E and Nikaido H: Efflux pumps and drug resistance 

in gram-negative bacteria. Trends Microbiol. 2: 489-493, 1994. 
88. Ma D, Cook L)N, Alberti M, Pon NG, Nikaido H and Hearst JE : Genes aerA 

and acrB encode a stress-induced efflux system of Escherichia coli. 
Mol. Microbiol. 16: 45-55, 1995. 

89. Randall LP and Woodward MJ: The multiple antibiotic resistance (mar) locus 
and its significance. Res. Vet. Sci. 72: 87-93, 2002. 



90 Thanassi DG, Cheng LW and Nikaid« H: Active efflux of bile salts by 
Escherichia coli. J. Bacteriol. 179: 2512-2518, 1997. 

91. Rosenberg EY, Ma D and Nikaido H: AcrD of Escherichia coli is an amino-
glycoside efflux pump. J. Bacteriol. 182: 1754-1756,2000. 

92. Aires JR , Köhler T, Nikaido H and Plésiat P: Involvement of an active efflux 
system int he natural resistance of Pseudomonas aeruginosa to aminoglycosides. 
Antimicrob. Agents Chemother. 43: 2624-2628. 1999. 

93. Moore RA, DeShazer D, Reckseidler S, Weissman A and Woods DE: Efflux-
mediated aminoglycoside and macrolide resistance in Burkholderia pseudomallei. 
Antimicrob. Agents Chemother. 43: 465-470, 1999. 

94. Nikaido H: Outer membrane barrier as a mechanism of antimicrobial resistance. 
Antimicrob. Agents Chemother. 33: 1831-1836, 1989. 

95. Middlemiss J K and Poole K: Differential impact of MexB mutations on 
substrate selectivity of the MexAB-OprM multidrug efflux pump of Pseudomonas 
aeruginosa. J.Bacteriol. 186: 1258-69, 2004. 

96. Li XZ, Livermore DM and Nikaido H: Role efflux pump(s) in intrisic resistance 
of Pseudomonas aeruginosa: resistance to tetracycline, chloramphenicol, and 
norfloxacin. Antimicrob. Agents Chemother. 38: 1732-1741, 1994. 

97. Poole K, Krebes K, McNally C and Neshat S: Multiple antibiotic resistance in 
Pseudomonas aeruginosa: evidence for involvement of an efflux operon. 
.!. Bacteriol. 175: 7363-7372, 1993. 

98. Narita S, Eda S, Yoshihara E and Nakae T: Linkage of the efflux-pump 
expression level with substrate extrusion in the MexAB-OprM efflux pump of 
Pseudomonas aeruginosa. Biochem Biophys. Res. Commun. 308: 922-6, 2003. 

99. Kaatz GW, Seo SM, O'Brien L, Wahiduzzaman M and Foster T J : 
Evidence for the existence of a multidrug efflux transporter distinct from NorA 
in Staphylococcus aureus. Antimicrob. Agents Chemother. 44: 1404-1406, 2000. 

100. Kaatz G W and Seo SM and Ruble CA: Efflux-mediated fluoroquinolone 
resistance in Staphylococcus aureus. 
Antimicrob. Agents Chemother. 37: 1086-1094, 1993. 

101 Griff i th JK , Baker ME, Roueh DA, Page MCP, Skurray RA, Paulsen Er, 
Cha te r KF, Baldvin SA and Henderson PJ : Membrane transport proteins: 
implications of sequence comparisons. Curr. Opin. Cell Biol. 4: 684-695, 1992. 

102. Ng EY, Trucksis M and Hooper DC: Quinolone resistance mediated by nor A: 
physiologic characterization and relationship to flqB, a quinolone resistance 
locus on the Staphylococcus aureus chromosome. 
Antimicrob. Agents Chemother. 38: 1345-1355, 1994. 

103. Paulsen IT, Brown MH and Skurray RA: Proton-dependent multidrug 
efflux systems. Microbiol. Rev. 60: 575-608, 1996. 

104. Kaatz G W and Seo SM: Inducible NorA-mediated multidrug resistance in 
Staphylococcus aureus . Antimicrob. Agents Chemother. 39: 2650- 2655, 1995. 

105. Altschul SF, Madden TL, Shaffer AA, Zhang J , Zhang Z, Miller W and 
Lipman DJ: Gapped BLAST and PSI-BLAST: a new generation of protein 
database search programs. Nucleic. Acids Res. 25: 3389-3402, 1997. 

106. Heide T and Poolman B: ABC transporters: one, two or four extracytoplasmic 
substrate-binding sites. EMBO Reports 3: 938-943, 2002. 

107 Higgins CF: ABC transporters: physiology, structure and mechanism-an overview. 
Res. Microbiol. 152: 205-10, 2001. 



54 

108. Neu HC and Keppel I A: The release of enzymes from Escherichia coli by 
osmotic shock and during the formation of spheroplasts. 
J. Biol. Chem. 240: 3685-3692, 1965. 

109. Gilson E, Alloing G, Schmidt T, Claverys JP, Dudler R and Hofnung M: 
Evidence for high affinity binding-protein dependent transport systems in 
gram-negative bacteria and in Mycoplasma. EMBO J. 7: 3971-3974, 1988. 

110. Sutcliffe IC and Rüssel RR: Lipoproteins of gram-positive bacteria. 
J. Bacteriol. 177: 1123-1128, 1995. 

111. Albers SV, Elferink MG, Charlebois RL, Sensen CW, Driessen AJ 
and Konings WN: Glucose transport in the extremely thermoacidophilic 
Sulfolohus solfataricus involves a high-affinity membrane-intergrated binding 
protein. J. Bacteriol. 181: 4285-4291, 1999. 

112. Quioeho FA and Lendvina PS: Atomic structure and specificity of bacterial 
periplasmic receptors for active transport and Chemotaxis: variation of common 
themes. Mol.Microbiol. 20: 17-25, 1996. 

113. Lanfermeijer FC, Detmers FJ, Konings VVN and Poolman B: On the binding 
mechanism of the peptide receptor of the oligopeptide transport system of 

Lactococcus lactis. EMBO J., 19: 3649-3656, 2000. 
114. Davidson AL: Mechanism of coupling of transport to hydrolysis in bacterial: 

ATP-binding casette transporters. J. Bacteriol 184: 1225-1233, 2002. 
115. Cervantes C, Chavez K and Vaca S: Mechanisms of bacterial resistance to 

heavy metals. Rev. Latinoam Micobiol. 33: 61-70, 1991. 
116. Silver S, Misra TK and Laddaga RA: DNA sequence analysis of bacterial 

toxic heavy metal resistances. Biol. Trace Elem.Res. 21: 145-163, 1989. 
117. Silver S: Bacterial resistances to toxic metal ions-a review. 

Gene. 179: 9-19, 1996. 
118. Ji G and Silver S: Bacterial resistance mechanisms for heavy metals of 

environmental concern. J. Ind. Microbiol. 14: 61-75, 1995. 
119. Silver S and Phung LT: Bacterial heavy metal resistance: new surprises. 

Annu.Rev. Microbiol. 50: 753-789, 1996. 
120. Rensing C, Pribyl T and Nies DH: New functions for the three subunits of the 

CzcCBA cation-proton antiporter. J. Bacteriol. 179 : 6871-6879, 1997. 
121. Fraise AP: Guidelines for the control of methicillin-resistant Staphylococcus 

aureus. J. Antimicrob. Chemother. 42: 287-289, 1998. 
122. Small PM and Chambers HE: Vancomycin tor Staphylococcus aureus 

endocarditis in intravenous drug users. 
Antimicrob. Agents Chemother. 34: 1227-1231, 1990. 

123. Klastersky J , Beumer J and Daneau D: Susceptibility of1"Pseudomonas 
aeruginosa" to combinations of antibiotics. Pathol. Biol. 20: 643-647, 1972. 

124. Smith AD and Trempe JP : Luminometric quantitation of Photinus pyralis 
firefly luciferase and Escherichia coli beta-galactosidase in blood-contaminated 
organ lysates. Anal. Biochem. 286: 164-72, 2000. 

125. Mulazimoglu L, Drenning SD and Müder RR: Vancomycin-gentamicin 
synergism revisited: effect of gentamicin susceptibility of methicillin-resistant 
Staphylococcus aureus. Antimicob. Agents Chemother. 40: 1534-1535, 1996. 

126. Levine DP, Fromm BS and Reddy BR: Slow response to vancomycin or 
vancomycin plus rifampin in methicillin-resistant Staphylococcus aureus 
endocarditis. Ann.Intern. Med. 115: 674-680, 1991. 

127. Jeljaszewiez J , Mlvnarczyk G and MIynarczyk A: Present ant future problems 
of antibiotic resistance in gram-positive cocci. Infection. 26: 1-6, 1998. 



56 

145. Galletti F, Zheng W, Gopalakrishnan M, Rutledge A and Triggle DJ: 
Interactions of analogs of the 1,4-dihydropyridine tiamdipine in cardiac and 
smooth muscle. Eur. J.Pharmacol./95: 125-129, 1991. 

146. Kwon YW and Triggle DJ: Interactions of local anethetics with neuronal 
1.4- dihydropyridine binding sites. Biochem, Pharmacol.42: 213-216, 1991. 

147. Triggle DJ: Calcium-channel drugs: structure-function relationships and 
selectivity of action. J. Cardiovasc.Pharmacol. TV S1-S6, 1991. 

148. Molnár J , Gunies Gy, Mucsi I, Koltai M, Petri I, Shoyama Y, Matsuinoto M 
and Nishioka I: Antimicrobial and immunomodulating effects of some 
phenolic glycosides. Acta Microbiol. Acad. Sci. Hung 36: 425-432, 1989. 

149. Munoz-Cirado S, Monoz-Bellido JL and Garcia-Rodriquez JA: In vitro 
activity of non steroidal anti-inflammatory agents, phenothiazines and, 
antidepressants against Brucella species. Eur. J.Clin.Microbiol.lnfect.Dis. 
15: 418-420, 1996. 

150. Molnár J, Béládi I and Földes I: Studies on antituberculotic action of some 
phenothiazines derivatives in vitro. ZentralbL Bakteriol. [Org A] 239: 521-526, 1977. 

151. Farkas S and Molnár J : Elimination of F'lac plasmid by different psychotropic 
drugs and some related compounds. Acta Microbiol.Acad.Sci.Hung.26: 351-361. 1979. 

152. Mitseher LA, George GI and Motohashi N: Antibiotics and antimicrobial 
drugs. In: Smith DF, ed. Handbook of Stereoisomers: Therapeutic Drugs, CRC 
Press Inc, Boca Raton, Florida, U.S.A.. pp. 199-234. 1999. 

153. Amaral L, Kristiansen JE, Abebe LS and Millett W: Inhibition of the 
respiration of multi-drug resistant clinical isolates of Mycobacterium 
tuberculosis by thioridazine: potential use for initial therapy of freshly 
diagnosed tuberculosis. J. Antimicrob.Chemother.38: 1049-1053, 1996. 

154. Chakrabar ty AN, Molnár J, Dastidar SG and Motohashi N: Non Antibiotics. 
A New Class of Unrecognized Antimicrobics. National Institute of Science 
Communication (NISCOM), New Delhi, 1-378. 1998. 

155. Evdokimova OV, Smirnov IV, Artem'eva NA and Rozhkova EA: Effect of 
promethazine hydrochloride (pipolphen) on the stability of R plasmid resistance 
in Escherichia coli. Antibiot. Khimioter. 42: 8-11, 1997. 

156. Molnár J , Schneider B, Mándi Y, Farkas S and Holland IB: New mechanism 
of plasmid curing by psychotropic drugs. Acta Microbiol. Acad. Sci. Hung. 27: 
309-315, 1980. 

157. Molnár J , Hevér A, Fakla I, Fischer I, Ocsovski I and Aszalós A: Inhibition 
of the transport function of membrane proteins by some substituted phenothiazines 
in E. coli and multidrug resistant tumor cells. 
Anticancer Res./7: 481-486, 1997. 

158. Gunics Gy, Motohashi N, Farkas S and Molnár J : Interaction between 
antibiotics and non-conventional antibiotics on different bacteria. Internat. J. 
Antimicrob. Agents 14: 239-242, 2000. 

159. Gunics Gy, Motohashi N, Molnár J , Farkas S, Kawase M, Saito S and 
Shah A: Enhanced antibacterial effect of erythromycin in the presence of 
3.5- dibenzoyl-l,4-dyhidropyridines. Anticanser Res. 21: 269-274, 2001. 

160.. Gunics Gy, Farkas S, Motohashi N, Shah A, Harsukh G, Kawase M and 
Molnár J : Interaction between 3,5-diacetyl-l,4-dihyropyridines and ampicillin 
and e ry thromyc in o n different E. coli strains. Int. J. Antimicrob. Agents. 20: 
227-9, 2002. 



57 

161.. Rozgonyi F, Kiss J , Jekel P and Váczi L: Effect of methicillin on the 
phospholipid content of methicillin sensitive Staphylococcus aureus. 
Acta Microbiol. Acad. Sci. Hung. 27: 31-40, 1980. 

162. Molnár J , Haszon J , Bodrogi T, Martonyi E and Túr i S: Synergistic effect of 
promethazine with gentamicin in frequently recurring pyelonephritis. Int.Urol. 
Nephrol. 22:405-411, 1990. 

163. ShibI AM, Hammouda Y and Al-Sovvaygh I: Comparative effects of selected 
phenothiazine tranquilizers and antihistaminics on bacterial cells and possible 
interactions with antibiotics. J. Pharm.Sci. 73: 841-3. 1984. 

164. McKeegan KS, Borges-Walmsley MI and Walmsley AR: The structure and 
function of drug pumps: an update. Trends Microbiol. I I : 21-9, 2003. 

165. Ulvatne H, Karoliussen S, Stiberg T, Rekdal O and Svendsen JS: Short 
antibacterial peptides and erythromycin act synergically against Escherichia coli. 
J. Antimicrob. Chemotherapy,48: 203-208, 2001. 

166. Zhang L, Benz R and Hancock RE: Influence of proline residues on the 
antibacterial and synergistic activities of alpha-helical peptides. Biochemistry 38: 
8102-11,1999. 

167.. Shing PK, Tack BE, McCray PBJ and Welsh MJ : Synergistic and additive 
killing by antimicrobial factors found in human airway surface liquid. Am. J. 
Physiol Lung Cell. Mol. Physiol. 27: 799-805, 2000. 

168. Giacometti A, Cirioni O, Del Prete MS, Paggi AM, D'Err ico MM and 
Petrelli E: Combination studies between polycationic peptides and clinically 
used antibiotics against gram-positive and gram-negative bacteria. Peptides. 21: 
1155-60,2000. 

169. Giacometti A, Cirioni O, Brachiesi F and Scalise G: In vitro activity and 
killing effect of polycationic peptides on methicillin-resistant Staphylococcus 
aureus and interactions with clinically used antibiotics. 
Diagnostic Microbiology and Infectious Disease. 38: 115-8, 2000. 

170. Molinari G, Guzman CA, Pesce A and Schito GC: Inhibition of Pseudomonas 
aeruginosa virulence factors by subinhibitory concentrations of azithromycin 
and other macro!ide antibiotics. J. Antimicrob. Chemother. 31: 681-8, 1993. 

171.Vaara M: Outer membrane permeability barrier to azithromycin, clarithromycin 
and roxithromycin in gram-hegative enteric bacteria. Antimicrob. Agents. 
Chemother. 37: 354-6, 1993. 

172.. Hancock RE and Wong PG: Compounds which increase the permeability 
of the Pseudomonas aeruginosa outer membrane. Antimocrob. Agents 
Chemother. 26: 48-52, 1984. 

173. Giacometti A, Cirioni O, Barschiesi F, For tuna M and Scalise G: In vitro 
activity of cationic peptides alone and in combination with clinically used 
antimicrobial against Pseudomonas aeruginosa. J. Antimicrob. Chemother. 
44: 641-5. 1999. 

174.. Cont reras A and Vazquez D: Cooperative and antagonistic interactions of 
peptidyl-tRNA and antibiotics with bacterial ribosomes. 
Eur. J. Biochemistry. 74: 539-47, 1977. 

175. Gu tmann F, Johnson C, Keyzer H and Molnár J : Charge transfer complexes 
in microorganisms. In: Charge Transfer Complexes in Biological Systems. 
Marcel Dekker Inc, USA, pp. 443-488, 1997. 

176 Triggle DJ: Drug acting on ion channels and membranes. Comprehensive 
Medicinal Chem.J: 1047-1099, 1990. 



58 

177. C hakrabar ty AN, Dastida SG, Annadurai S, Thakur ta AG and Ghosh K: 
Synergism, indifference and antagonism among nonantibiotics, with antibiotics 
and chemotherapeutic agents. In: Chakrabarty AN, Molnár J, Dastidar SG, 
Motohashi N. editors. Non Antibiotics. New Delhi, India: National Institute of 
Science Communication (N1SCOM), pp. 183-200, 1998. 

178. Dastidar SG, Ganguly M, Chakrabar ty AN and Bhattacharya S: Cross-
resistance among non antibiotics with respect to themselves and antibiotics. 

In: Chakrabarty AN. Molnár J, Dastidar SG, Motohashi N, editors. 
Noil Antibiotics. New Delhi, India: National Institute of Science Communication 
(NISCOM), 201-208, 1998. 

179. Saponara S, Kawase M, Shah A, Motohashi N, Molnár J, Ugoesai K and 
Sgaragli G: 3,5-Dibenzoyl-4-(3-phenoxyphenyl)-l,4-dihydro-2,6-dimetyl-
pyridine (DP7) as a new multidrug resistance reverting agent devoid of effects on 
vascular smooth muscle contractility. British J. Pharmacology. 141: 415-422, 2004. 

180. Barabás K and Molnár J : Lack of correlation between intercalation and 
plasm id curing ability of some tryciclic compounds. Acta Microbiol. Acad. 
Schilling. 27: 55-61, 1980. 

181. Bonin A L, Gossen M and Bujard H: Photinus pyralis luciferase : vectors that 
contain a modified luc coding sequence allowing convenient transfer into other 
systems. Gene. 141: 75-7. 1994. 

182. Davay H M and Kell 1) B: Flow cytometry and cell sorting of heterogeneous 
microbial populations: the importance of single-cell analyses. Microbiol. Rev. 
60: 641-96. 1996. 

183. Lehtinen J, Virta M and Lilius EM: Fluoro-luminometric real-time measurement 
of bacterial viability and killing. J. Mirobiol. Methods. 55: 173-186, 2003. 



59 

9. ACKNOWLEDGEMENT 

1 express my grateful thanks to my supervisor Professor DR. JÓZSEF MOLNÁR D. Sc., for his 

kind help, support, constructive criticism and personal guidance during my work. 

1 wish to express my gratitude to Professor DR. YVETTE MÁNDI D. Sc., the Chair of 

Department of Medical Microbiology and Immunobiology for providing me the opportunity to 

complete my experiments. 

I express my gratitude to College Professor DR. MAGDOLNA POGÁNY Ph.D. Director 

General of the College of Health Sciences, University of Szeged, for supporting me in writting my 

paper. 

1 owe my thanks to Prof Dr. Jette Kristiansen: Department of Clinical Microbiology, 

Sonderborg Sygehus, Denmark , 

Prof. Dr. Esa-Matti Lilius: Department of Biochemistry and Food 

Chemistry, University of Turku, Finland and 

Prof Dr. Noboru Motohashi: MEIJ1 Pharmaceutical University, Tokyo, Japan 

for their scientific help. 

1 express my gratefulness to my beloved parents for continuous help and support. 

I express my grateful thanks to my husband for help and support. 

1 express my gratitude to all the people who helped me to prepare my dissertation with their 

work and advice. 

I dedicate my thesis to my parents and my husband. 



LIST OF ABBREVIATIONS

AcDHPs 3,5-diacetyl-1,4-dihydropyridines /Gl-Gl 1/

BzDHPs 3,5-dibenzoyl-l ,4-dihydropyridines /GB1 -GB15/

CAM camphor-degradation plasmid

COM catechol-O-methyl-transferase

CFU colony formit unit

CNS coagulase negative Staphylococcus

CP clomipramine

2,4-D dichlorophenoxyacetic acid

EMB eosine methylene blue

ERY erythromycin

F-plasmid fertility plasmid

FIC fractional inhibitory concentration

GFP green fluorescence protein

GISA glycopeptide intermediate Staphylococcus aureus

Hfr high frequency protein

IM inner membrane

LB-broth Luria -Bertani broth
MB methylene blue
MDR mulridrug resistance

MFP major facilitator protein

MFS major facilitator superfamily

MIC minimum inhibitory concentration

MLS macrolides lincosamid streptogramin

MRSA methicillin-resistant Staphyloccus aureus

MSSA methicillin-sensitive Staphylococcus aureus

MTT 3-(4,5-dimethylthiazol)-2,5-diphenyltetrazoliumbromide

MTY minimal tryptone yeast extract

NAH naphthoic acid hydroxydase

OD optical density

OM outer membrane

Oxa oxacillin



NP nifedipine

PABA para-aminobenzoic acid

PBP penicillin binding protein

PMF proton motive force

PZ promethazine

R-plasmid resistance plasmid

RND resistance nodulation division

RTF resistance transfer factor

SMR small multidrug resistance

TC tetracycline

TNase termonuclease

Tn transpozon

TPP tetraphenylphosphoricum

VP verapamil



Publications

I. Tariné Gombkötő Zs, Gunics Gy, ifj. Regdon G and Selmeczi B : Antibakteriális hatású

vaginális kúpok formálása és in vitro vizsgálata. In vitro membrándiffúziós és 

mikrobiológiai vizsgálatok.

Acta Pharmaceutica Hung. 62: 302-311, 1992.

IF: 0,51

II. Gunics Gy, Motohashi N, Amaral L, Farkas S and Molnár J: Interaction between

antibiotics and non-conventional antibiotics on bacteria.

Int. J. Antimicrob. Agents. 14: 239-242, 2000.

IF: 1,584

HI. Gunics Gy, Motohashi N, Molnár J, Farkas S, Kawase M, Saito S and Shah A:

Enhanced antibacterial effect of erythromycin in the presence of 3,5-dibenzoyl-

1,4-dihydropyridines

Anticanser Res. 21: 269-273, 2001.

IF: 1,447

IV. Gunics Gy, Farkas S, Motohashi N, Shah A, Harsukh G, Kawase M and Molnár J:

Interaction between 3,5-diacetyl-l,4-dihidropyridines and ampicillin and erythromycin 

on different E. coli strains.

Int. J. Antimicrob. Agents. 20: 227-229, 2002.

IF: 1,584

Proceedings

V. Farkas S, Gunics Gy, Hegedűs A and Kecskés M: Growth of Rhizobium and

Escherichia strains by some metal ions.

Environment Protection Modern Studies in Ecology and Microbiology.

Uzhgorod, 2: 163-166, 1997.

VI. Farkas S, Gunics Gy, Hegedűs A and Kecskés M: Susceptibility of the Rhizobium and

E. coli strains to different antibiotics.

13 th International Congress of the Hungarian Society for Microbiology,

Budapest, 2: 27-29. 1999.



VII. Gunics Gy, Farkas S, Motohashi N, Shah A, Kawase M, Saito S and Molnár J: The

modification of antibiotic resistance in some Gram-negative bacteria.

13 th International Congress of the Hungarian Society for Microbiology,

Budapest, 2: 33-35, 1999.

VIII. Farkas S, Gunics Gy, Kecskés M Jr., H. A. E. Bayoumi Hamuda and Kecskés M:

Effect of ampicillin and gentamicin on E. coli, Bradyrhizobium, Rhizobizum and 

Sinorhizobium strains modified by promethazine.

Scientific of Szabolcs-Szatmár-Bereg County of Acad. Sci. Hung.

Nyíregyháza, 2: 353-362, 2002.

Abstracts

IX. Molnár J, Csűri K, Gunics Gy, Hassan H. Khalid, Csiszár K and Nakamura M:

Instability of plasmids in some bacterie induced by xenobiotics.

Acta Microbiol. Acad. Sci. Hung. 38: 189, 1991.

X. Gunics Gy, Farkas S and Molnár J: Elimination of antibiotic resistance of

Acinetobacter calcoaceticus strains by promethazine, imipramine and SDS.

Acta Microbiol. Immun. Hung. 44: 405, 1997.

XI. Farkas S, Gunics Gv. Hegedűs A and Kecskés M: Effect of cadmium, selenium and

silver on Escherichia coli and Rhizobium strains.

Acta Microbiol. Immun. Hung. 44: 437, 1997.

XII. Gunics Gy, Motohashi N, Farkas S and Molnár J: Effect of some resistance modifiers

on the action of ampicillin and erythromycin.

21 sl International Congress of Chemotherapy, Birmingham, UK, 4-7 July,

J. Antimicrob. Chemother. Suppl. A. pp. 87-88, 1999.

IF: 2,563.

XIII. Gunics Gy, Farkas S and Molnár J: Synergistic effect of antiplasmid compounds

with antibiotics.

Acta Microbiol. Immun. Hung. 46: pp.122-123, 1999.

XIV. Farkas S, Gunics Gv, Hegedűs A and Kecskés M : Susceptibility of Rhizobium and

E. coli strains to different antibiotics.

Acta Microbiol. Immun. Hung. 47: pp. 308, 2000.



XV. Gunics Gy, Farkas S, Motohashi N, Shah A, Kawase M, Saito S, Amaral L and

Molnár J: Dihydropyridines as resistance modifiers in vitro on E. coli strains.

Third Europen Congress of Chemotherapy, Madrid, Spain, 8-9 May.

J. Antimicrob. Chemother. Suppl. A. pp. 85-86, 2000.

IF: 2,563.

Presentations

XVI. Gunics Gy and Molnár J: Sztereoizomérek plazmidtörlő hatása.

Dr. Cserháti István emlékülés, Szeged, 1988, jún, 21-23.

XVII. Gunics Gy, Molnár J: A kinin és kinidin hatása az Escherichia coli plasmid 

hordozására.
Magyar Kemoterápiái Társaság Konferenciája, Hajdúszoboszló, 1988, máj. 01-04.

XVIII. Farkas S, Péntek M, Gunics Gv and Molnár J: Antiplasmid effect of silil- 

substituted benzoic acid derivatives.

Congress of the Hungarian Society for Microbiology, Kaposvár, Aug. 25-27. 1988.

XIX. Farkas S, Gunics Gv and Molnár J: Investigation of the penicilline-resistance and

beta-hemolysis loss on Staphylococcus aureus strains.
Congress of the Hungarian Society for Chemotherapy, Hajdúszoboszló, 10-13, May. 1989.

XX. Farkas S, Gunics Gv and Molnár J: Alteration of attribution of Staphylococcus

aureus strains by plasmid elimination compounds.

Congress of the Hungarian Society for Microbiology, Eger, 24-26, Aug. 1989.

XXI. Gunics Gy, Fekete J, Tóth G, Földes J and Molnár J: R-plazmidok eliminálása

Acinetobacter anitratus törzsekből.

MMT Nagygyűlése, Eger, aug. 24-26. 1989.

XXII. Tariné Gombkötő Zs, Regdon G, Gunics Gy, Molnár J and Selmeczi B: Kloram- 

fenikol, szulfonamidin, gentamicin-szulfát tartalmú kúpok készítése és mikrobiológiai 

vizsgálata.

XII. Országos Gyógyszertechnológiai Konferencia és 2. Gyógyszerészeti és 

Biogyógyszerészeti Bilaterális Szimpózium. Hévíz, okt. 8-10, 1990.

XXIII. Molnár J, Csűri K, Gunics Gy, Hassan H. Khalid, Csiszár K and Nakamura N:

Instability of plasmids in some bacteria induced by xenobiotics.

11th Hungarian Congress of Microbiology, 1991, Aug. 22-24, Budapest.



XXIV. Tariné Gombkötő Zs, ifj. Regdon G, Molnár J, Gunics Gy and Selmeczi B:

Antibakteriális hatású vaginális kúpok formálása és in vitro vizsgálata.

Csongrád Megyei Orvos-Gyógyszerész Napok, Makó, 1992, okt. 9-10.

XXV. Farkas S, Gunics Gy, Hegedűs A and Kecskés M: Antibacterial effect plasmid 

elimination and inhibition of R144 plasmid transfer by triflupromazine and 

trimipramine in Escherichia coli and Rhizobium strains.

Szabolcs-Szatmár-Bereg County Academic Committee IX. International Congress of 

Microbiology, Nyíregyháza, 4-5, Oct. 1996.

XXVI. Farkas S, Hegedűs A, Gunics Gy and Kecskés M: Growth of Rhizobium and 

Escherichia strains stressed by some metal ions.

Environment Protection Congress, Uzhgorod, 13-16. May, 1997.

XXVII. Farkas S, Hegedűs A, Gunics Gy and Kecskés M: Effect of cadmium, selenium 

and silver ions to Escherichia coli and Rhizobium strains.

Congress of the Hungarian Society for Microbiology, Szekszárd, 25-27, Aug. 1997.

XXVIII. Gunics Gy, Farkas S and Molnár J: Elimination of antibiotic resistance from 

Acineto bacter calcoaceticus strains in the presence promethazine, imipramine and 

SDS.

Congress of the Hungarian Society for Microbiology, Szekszárd, 25-27, Aug. 1997.

XXIX. Gunics Gy, Farkas S and Molnár J: Interaction investigation of phenothiazines and 

related compounds with antibiotics.

13 th Conference of the Hungarian Society for Chemoteherapy, Debrecen, 2-5, Jun. 1998.

XXX. Gunics Gy, Farkas S and Molnár J: Synergistic effect of antiplasmid compounds 

with different antibiotics.

Congress of the Hungarian Society for Microbiology, Miskolc, 24-26, Aug. 1998.

XXXI. Gunics Gy, Motohashi N, Farkas S and Molnár J: Effect of some resistance 

modifiers on the action Ampicillin and Erythromycin.

21 st International Congress of Chemotherapy, Birmingham, UK, 4-7 July, 1999.

XXXII. Gunics Gy, Farkas S, Motohashi N, Shah A, Kawase S, Saito S and Molnár J:

The modification of antibiotic resistance on some gram-negative bacteria.

13 th International Congress of the Hungarian Society for Microbiology, Budapest, 

Aug 30- Sept 1, 1999.



XXXIII. Molnár J, Gunics Gy and Miskolci Cs: Models for reversal of resistance in 

bacteria and fungi.

13 th International Congress of the Hungarian Society for Microbiology, Budapest, 

Aug 30-Sept 1, 1999.

XXXIV. Farkas S, Gunics Gy, Hegedűs A and Kecskés M: Susceptibility of the Rhizobium 

and E. coli strains to different antibiotics.
th13 International Congress of the Hungarian Society for Microbiology, Budapest, 

Aug 30-Sept 1, 1999.

XXXV. Gunics Gy, Farkas S, Motohashi N, Shah A, Kawase M, Saito S, Amaral L and

Molnár J: Dihydropyridines as resistance modifiers in vitro E. coli strains.

Third Europen Congress of Chemotherapy, Madrid, Spain, 8-9, May, 2000.

XXXVI. Gunics Gy, Motohashi N, Amaral L and Molnár J: Antibiotikum rezisztencia 

módosítása néhány Gram-negativ baktériumoknál in vitro.

Magyar Kemoterápiái Társaság XV. Konferencia. Hajdúszoboszló, 2002, jún. 07-09.

XXXVII. Gunics Gy, Motohashi N and Molnár J: Az erythromycin antibakteriális 

hatásának módosítása dihydropyridinek jelenlétében.

"First Joint meeting of the Slovenian Society for Microbiology and the Hungarian 

Society for Microbiology", 2000. Keszthely, aug. 24-26.

XXXVIII. Molnár J, Gunics Gy, Miskolci Cs and Wolfrád K: Az antibiotikum 

rezisztencia reverziójának modelljei.

"First Joint Meeting of the Slovenian Society for Microbiology and the Hungarian 

Society for Microbiology", 2000. Keszthely, aug. 24-26.

XXXIX. Farkas S, Bayoumi Hamuda Hosam, E. A. F., Kecskés M Jr., Gunics Gy and 

Kecskés M: Effect of ampicillin and gentamicin on E. coli, Bradyrhizobium,

Rhizobium and Sinorhizobium strains modified by promethazine.

Scientific of Szabolcs-Szatmár-Bereg County of Acid. Sci. Hung.

Nyíregyháza, 29. Sept, 2002.

XL. Gunics Gy and Molnár J: Antibiotikumok és fenotiazin-származékok antibakteriális 

hatása Gram-negativ baktériumtörzseken.

MMT Nagygyűlése, Balatonfüred. 2002, okt. 8-10.

XLI. Gunics Gy and Molnár J: Antibiotikumok kölcsönhatásának vizsgálata dihydro- 

pyridin-származékokkal.

SZAB Orvostudományok Szakbizottsági Ülése, Szeged, 2003. ápr. 15.




