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Abstract 

Bacteria are small organisms, but they can cause a large amount of tissue 

damage and even death when infections grow rampant. One of the main, and 

sometimes only ways of controlling and stopping their growth is using antibiotics. 

However, bacteria can quickly pick up resistance genes for antibiotics from other 

bacteria they encounter through a mechanism called conjugation. During conjugation, 

bacteria use proteins located on transferred plasmids to form a type IV secretion system 

that’s involved in pilus and channel formation, as well as gene transfer. These 

conjugation systems are different in both gram-negative and gram-positive bacteria, 

making them an important topic of study for both scientists and healthcare 

professionals. This research into their characterizations and functions has led to 

mechanisms for conjugation inhibition using unsaturated fatty acids, 2-bromopalmitic 

acid, and conjugation-based antimicrobial systems. 

Background 

Bacterial conjugation is a process of DNA transfer from one bacterium to another 

though the use of plasmids. These plasmids carry a separate set of deoxyribonucleic 

acid (DNA) that replicates independently of the bacteria’s own chromosome. This allows 

for the addition of beneficial genes to be passed from one bacterium to the next. The 

genes necessary to initiate and form the structures involved in conjugation are all 

located on the plasmid itself, so when the plasmid is passed on, the ability to conjugate 

follows. Thus, once one bacterium performs conjugation with another, the new 

bacterium takes in all the genes from the plasmid and can now spread these genes to 
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new bacteria. This factor is one important cause for bacteria’s prevalence, resistance 

mechanisms, and spread of pathogenesis.  

Alongside the genes that initiate and regulate bacterial conjugation, these 

plasmids can also include resistance genes for certain antibiotics. These resistance 

genes are a topic of concern when discussing disease causing organisms such as 

Methicillin-resistant Staphylococcus aureus (MRSA). MRSA is species of bacteria that 

has become resistant to several classes of penicillins, as well as linezolid and 

daptomycin, which are both newer antibiotics (Kaur, 2015). This antibiotic resistance 

makes it difficult and complicated to treat diseases, especially when resistance genes 

spreading so quickly. Since conjugation is a rapid and direct method of resistance 

transfer that makes pathogenic bacteria difficult and complicated to kill, it is a great 

concern for both scientists and healthcare professionals. 

This paper will discuss the ways that bacteria can acquire antibiotic resistance, 

including the mechanisms of conjugation initiation and DNA transfer in both gram-

negative and gram-positive organisms. There will also be an examination of the 

components of type IV secretion systems (T4SS), which form the protein complexes 

involved in conjugation. Proteins from both gram-negative and gram-positive bacteria 

will be analyzed for their importance in conjugation and DNA transfer. Lastly, there will 

be a discussion on the current direction of research efforts and how inhibition of 

conjugation could be achieved through means of unsaturated fatty acids, bromopalmitic 

acid and conjugation-based antimicrobial systems.  

Antibiotic Resistance  
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Bacteria can be resistant to antibiotics in two different ways, through intrinsic 

resistance or acquired resistance (Antibiotic Resistance, 2014). Intrinsic resistance 

means that the bacteria already have some form of protective mechanism that prevents 

activity of the antibiotic on cellular functions. Capsules that prevent drugs from entering 

the cell and the multidrug resistance transport systems that pump antibiotics out before 

they pass though the inner membrane, are both examples of intrinsic resistance 

mechanisms (White, 2011). Acquired resistance results from bacteria taking in DNA 

with resistance genes from the environment; the most problematic of these mechanisms 

is bacterial conjugation. However, depending on whether the bacterium is gram-

negative or gram-positive, this process can occur very differently. 

Gram-Negative Organisms 

Gram-negative organisms are typically the bacteria thought of when discussing 

conjugation due to their mechanism of transfer being very well studied and understood. 

Gram-negative bacteria are also usually easier to kill with antibiotics because they have 

a thinner cell wall than gram-positive bacteria. The gram-negative cell wall is composed 

of a thin layer of peptidoglycan, in an area called the periplasmic space, between two 

cell membranes. Their process of conjugation involves the extension of a cytoplasmic 

bridge between one bacterium to the next and is described in further detail below. 

Conjugation Mechanism 

Conjugation, in gram-negative bacteria, is the unidirectional movement of single 

stranded DNA from a donor cell to a receiving cell. All the genes necessary for this 

horizontal gene transfer are located on the plasmid of the donor cell, making this a self-
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contained replication and transfer system (UniProtKB-P09130, 2019). The donor cell, 

that contains the plasmid, is considered distinctly different from the recipient cell and is 

described as sex F+, indicating that it has the capacity to perform conjugation. The 

recipient cell is therefore labeled as F- indicating that it can receive the plasmid. During 

the Conjugation process an extension of the F+ cell, called the sex pilus, forms and 

grabs onto an F- cell to bring it closer to the F+ cell. Once the recipient is brought into 

close contact with the F+ cell, the exchange of DNA can then begin though a pore that 

forms though the cell membrane of the F+ cell. After the F- cell receives the single 

stranded DNA, it generates a complementary strand that can be replicated or inserted 

into the bacteria’s own chromosome (Yin, 1997). This F- is now a F+ cell and can 

spread its newly acquired plasmid to more F- cells.   

Gram-Positive Organisms 

Gram-positive organisms have a thicker cell wall than gram-negative organisms, 

which is their main distinguishing factor. This cell wall is composed of one cell 

membrane surrounded by a very thick layer of peptidoglycan. This thick layer of 

peptidoglycan makes it hard for antibiotics to pierce though the cell to disrupt its 

mechanisms or prevent protein transcription. Having a strong protective barrier along 

with the ability to spread resistance genes makes them a highly formidable threat. 

Unfortunately, study into these organism’s mechanisms and conjugation pathways are 

limited due to the thick cell wall barrier.  
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Conjugation Mechanism 

Conjugation in gram-positive bacteria is different from gram-negative bacteria in 

that it does not involve the formation of a sex pilus (Yin, 1997). Instead, it uses one of 

two methods of plasmid transfer. The first method involves the receiving cell releasing 

pheromones that cause donor cells with plasmids to aggregate around them, bringing 

them into contact for DNA transfer. The second method is not well understood; 

however, it requires the recipient and donor to be grown together on a solid media (Yin, 

1997). Aside from the mechanism in which the cells come together, the rest of the 

mechanism happens very similarly. In this process, single stranded DNA is still recruited 

to the membrane and sent to the recipient bacterium though a protein formed channel. 

Once inside the recipient cell, a DNA complement is made, and the cell can then use 

the genes located on the plasmid at will. 

T4SS  

The gram-negative conjugation proteins involved in the channel and pilus 

formation, as well as DNA transfer, form a complex called a type IV secretion system 

(T4SS).  These T4SSs are typically composed of channel proteins, pilus formation 

subunits, and cytoplasmic ATPases involved in complex assembly and DNA 

translocation (Walden, 2010) (Casu, 2018). The proteins are called VirB homologs after 

the first T4SS involved in conjugation was studied in a Vibrio species. (Casu, 2018). 

This secretion system consists 12 proteins; three ATPases (VirB4, VirB11, and VirD4), 

two pilus subunits (Virb5, and VirB2), and seven core proteins in the periplasm (VirB1, 

VirB3, VirB6, VirB7, VirB8, VirB9, and VirB10). Three of the periplasmic core proteins 
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(VirB6, VirB8, and VirB10) from an inner membrane channel where the DNA is 

transferred (Casu, 2018). Although characterization is still taking place between 

species, this pattern of a 12-protein assemblage seems to be consistent for gram-

negative bacteria. Gram-positive bacteria on the other hand, have been found to have 

T4SS with 15 proteins. Their characterizations and functions however, are still being 

discovered.  

Current Research 

Current research into conjugation has been directed towards two aims: 

characterization of T4SS proteins and inhibition mechanisms. For gram-negative 

bacteria, characterization of their T4SS has been mostly achieved for only the 

cytoplasmic portions of the 12 complex proteins. However, new techniques developed 

by Casu et al. have opened the gateway for full protein analyses of cytoplasmic and 

membrane-bound portions (2018). In terms of gram-positive T4SS, only a small handful 

of the 15 proteins of the complex have been characterized (Fercher, 2016). Efforts 

towards understanding the gram-positive mechanism of secretion thoroughly, will come 

with increased information about the activities of its proteins.  

Proteins of Interest in Gram-Negative T4SS 

TrwD, which is protein D in the Trw operon is involved in transfer from the 

plasmid incompatibility family W (Sobecky, 1997). TrwD is a traffic ATPase that is 

suspected as being essential for conjugation to occur in certain bacteria. TrwD is a 

member of the secretion ATPase superfamily that’s part of the T4SS responsible for 

bacterial conjugation of certain gram-negative bacteria (Garcia-Cazorla, 2018). It has a 



8 
 

hexameric structure in which each monomer has and N-terminal domain (NTD) 

connected to a C-terminal domain (CTD) by a flexible linkage. TrwD’s ATPase activity is 

generated through a conformational change that switches the position of the NTD with 

the CTD (Garcia-Cazorla, 2018). The binding site on the TrwD is suggested to be the 

NTD from blind docking predictions and modeling where catalytic activity was prevented 

by the inhibition of the terminal domain swapping movements. This means that the NTD 

contains a binding site that is a target for inhibition and is located on the cytosolic side 

of the membrane (Garcia-Cazorla, 2018). This means that inhibitors are most likely to 

going to bind at the same spot on the TrwD protein.  

The proteins TraE and TraD, in the pKM101 N incompatibility family, which are 

homologs of VirB8 and VirB6 respectively, have also been researched for their influence 

on conjugation (Casu, 2018). TraE’s periplasmic structure had been previously 

identified, however its membrane portion had not, due to the difficulties of isolating 

complete proteins. Casu et al. set out to characterize the complete proteins of TraE and 

TraD, which was previously unknown (2018). An optimum procedure for complete 

protein isolation was determined by testing different concentrations of isopropyl-β-D 

thiogalactopyranoside (IPTG) to increase production and testing different detergents to 

separate the membrane-bound portion of the protein from the cell membrane. Using 

western blots with anti-His-tag antiserum, 1 mM of IPTG and octyl glucose neopentyl 

glycol (OGNG) showed the darkest and largest bands in the gels of the concentrations 

or detergents tested. This indicates that these conditions produced the greatest 

production and isolation of TraD.  
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Casu et al. then compared previous samples, known to dimerize, with the 

complete isolated proteins through cross-linking to disuccinimidyl suberate (DSS) 

(2018). The resulting substrates were then analyzed via sodium dodecyl sulfate 

polyacrylamide gel electrophoresis (SDS-PAGE) and it was concluded that the full 

proteins were not only able to form dimers, but it was also able to form multimers. The 

full-length proteins were then further characterized with size exclusion chromatography 

with multiangle light scattering (SEC-MALS), which revealed that TraE and TraD form 

hexamers. The hexamers were visualized with negative staining electron microscopy 

(EM) and small-angle x-ray scattering (SAXS) and determined to be hexamers in ring-

like structures (Casu, 2018). Particles were manually extracted to reveal a varied central 

pore size with the presence of density regions within the ring structure of some of the 

complexes. Both proteins were found to form multimeric ring structures with homologs 

and with each other (Casu, 2018).  

Proteins of Interest in Gram-Positive T4SS 

TraM and TraH are gram-positive T4SS proteins that naturally form trimers and 

were discovered on the IP501 plasmid (pIP501) (Fercher, 2016) (Goessweiner-Mohr, 

2013). Goessweiner-Mohr et al. determined that TraM was located on the cell wall 

through a process called opsonophagocytosis (2013). This process of 

opsonophagocytosis is characterized by antibodies of TraM recruiting macrophages to 

kill the cells. In the opsonophagocytosis assay the cells with pIP501 were combined 

with neutrophils isolated from volunteers, sera against TraM from rabbits, and serum 

from baby rabbits and then plated on soy agar (Goessweiner-Mohr, 2013). The 

neutrophils are macrophages involved in immune response, the anti-TraM serum had 



10 
 

antibodies that will bind to TraM-containing cells to help recognition and phagocytosis, 

and the baby rabbit serum had other molecules that aid in mediating an immune 

response (Goessweiner-Mohr, 2013). After incubation, the resultant colonies were 

counted and compared to original cell numbers. The kill rate from the macrophages was 

75%, and since the macrophages where on the outside of the cell, it meant that the 

TraM protein had to be located on the cell wall (Goessweiner-Mohr, 2013). The TraM 

protein was believed to be bound to the cell wall on the N-terminal side (Goessweiner-

Mohr, 2013).  To test this, Goessweiner-Mohr et al. performed a mass-spectral analysis 

to determine the amino acid sequence, with emphasis placed on the N-terminal domain 

(2013). It was also discovered, through several protein modeling programs, that the 

TraM N-terminal domain had a coiled-coil motif that was similar the human surfactant 

protein and the overall secondary structure was similar to VirB-like proteins of the gram-

negative T4SSs (Goessweiner-Mohr, 2013).  

According to Fercher et al., in order to characterize TraH, it was isolated by 

lysing cells and centrifuging the contents into separate fractions (2016). A western blot 

detected the protein in the membrane bound portions and a proteinase protection assay 

was also done to confirm which end of the protein was imbedded in the membrane. In 

the proteinase protection assay extracellular proteins and protein domains are degraded 

by increasing increments of proteinase K (Fercher, 2016). TraH degradation was 

compared against TraN, a previously known membrane bound protein that is part of the 

pIP501 plasmid of the gram-positive T4SS. From the comparison of degradation, the N-

terminal domain was determined to have degraded last and therefore was the portion 

imbedded in the membrane (Fercher, 2016). 
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The isolated TraH protein was also characterized through nuclear magnetic 

resonance (NMR) and the C-terminal structure was determined to have four antiparallel 

beta sheets connected by three loops (Fercher, 2016). The TraH N-terminal domain 

was determined to start with and random coil formation and then proceed into three 

alpha-helices (Fercher, 2016). TraH was determined to be necessary in conjugation 

though the use of a TraH knockout gene introduced into a bacterial species (Fercher, 

2016). When the functional gene was removed, the bacteria were no longer able to 

transfer DNA, therefore conjugation was stopped.  

Mechanisms of Conjugation Inhibition 

Since the spread of antibiotic resistance through bacterial conjugation is such an 

important health issue in the world today, there are many ways that the inhibition of 

conjugation has been proposed. Some studies have done research on molecules that 

could inhibit an important protein necessary for conjugation to occur. The currently 

known inhibitors include unsaturated fatty acids, alkynoic fatty acid derivatives, and 2-

bromopalmitic acid. Other studies have focused on ways to use conjugation against the 

bacteria by having the donor cell transfer the genes to make harmful chemicals to the 

recipient. In this process the donor contains a gene that protects it from the chemicals, 

however, other cells that take the chemicals in, ultimately die. Below is a further 

discussion of these topics. 

Unsaturated Fatty Acids and Alkynoic Fatty Acid Derivatives 

Unsaturated fatty acids and alkynoic fatty acid derivatives can be useful in 

inhibition because they bind to a specific site on the ATPase proteins, such as TrwD, 
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that prevent them from altering their conformation (Garcia-Cazorla, 2018). Without the 

conformational change, the catalytic site of the protein is not exposed to the cytoplasm 

where ATPase activity can occur (Garcia-Cazorla, 2018). An experiment done by 

Garcia-Cazorla et al. demonstrated that 2-hexadecanoic acid (2-HDA) replaced palmitic 

acid in Escherichia coli (E. coli) membranes (2018). To do this, the researchers 

introduced 2-HDA into the growth medium and sonicated to break open the cells. Fatty 

acids were then isolated using silica gel chromatography and eluted with acetone. The 

acetone was removed using roto-evaporation and trans esterification was promoted with 

the addition of methanol and hydrochloric acid, which were also removed with roto-

evaporation (Garcia-Cazorla, 2018).  

Concentrations of 2-HDA were then measured and identified through mass 

spectrophotometry with a gas chromatograph using a mass selective detector (Garcia-

Cazorla, 2018). A higher proportion of 2-HDA was detected in the membrane than at the 

start, indicating that 2-HDA replaced palmitic acid in the membrane (Garcia-Cazorla, 

2018). Levels of ATP hydrolysis and inorganic phosphate release were then measured 

with a spectrophotometer to determine ATPase activity and conjugation ability was 

measured with a high throughput assay which detected fluorescence emissions of 

transconjugants (Garcia-Cazorla, 2018). The 2-HDA prevented TrwD from binding to 

palmitic acid, which, based on the spectrophotometric readings of inorganic phosphate, 

seemed to prevent ATPase activity. There were also no fluorescent tranconjugants, 

meaning that conjugation was inhibited (Garcia-Cazorla, 2018).  



13 
 

Bromopalmitic Acid  

Since certain bacterial cells form their plasma membranes primarily out of 

palmitic acid, which is a saturated fatty acid, an experiment was done by Garcia-Cazorla 

et al. to see if a derivative called 2-bromopalmitic acid (2-BP) could act as an inhibitor 

(2018). To test this, an irreversible inhibitor that blocked palmitate incorporation onto 

proteins was produced and the ATPase activity by release of inorganic phosphate of 

TrwD was monitored against increasing concentrations of 2-BP using a 

spectrophotometer. The resultant curve produced was similar to the one generated for 

2-HDA (Garcia-Cazorla, 2018). This indicates that the 2-BP had an inhibitory effect on 

TrwD function. Since TrwD ATPase activity decreased with increasing 2-BP, it was 

determined that 2-BP binds competitively to the active site of TrwD, just like 2-HDA, but 

by a different method due to their stuctures (Garcia-Cazorla, 2018).  

2-BP’s successful inhibition of TrwD, was similar to the levels seen by 2-HDA 

inhibition, however, it took more 2-BP to reach those levels (Garcia-Cazorla, 2018). The 

finding that 2-BP can be used in conjugation inhibition is significant because 2-BP has a 

distinctly different structure than the unsaturated fatty acids and alkynoic fatty acids. 

Since 2-BP is a derivative of palmitic acid, it doesn’t contain any double or triple bonds. 

The instance of double and triple bonds was originally thought to be a requirement 

when designing conjugation inhibitors, which means that more molecules and methods 

can be exploited in order to combat and stop bacterial conjugation than previously 

thought (Garcia-Cazorla, 2018). 
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Conjugation-Based Antimicrobial Systems 

In theory, a conjugation-based antimicrobial system would involve a conjugation-

kill gene being introduced onto a bacterial plasmid and an anti-kill gene being 

introduced into the bacterial genome (Erjavec, 2015). The kill gene in the altered 

plasmid would release antimicrobial chemicals in both the donor and recipient cells but 

only the recipient cells would die due to the anti-kill gene preventing damage to the 

donor cell (Erjavec, 2015). This concept would mean that essentially every bacterium 

that received the plasmid from the primary vector would die, without injury or death to 

the primary vector itself. This method would be a way to stop the spread of antibiotic 

resistance by using the host bacteria’s conjugation system against them. This method 

was tested by Erjavec et al. in an E. coli strain containing the “kill” gene on an induced 

plasmid (p0X38) and the “anti-kill” gene inserted into their chromosome (2015). 

To create the “kill” gene, the researchers decided to select the gene for Colicin, a 

bacteriocin that has been proven to kill bacteria in the intestines and urological system. 

A bacteriocin is a small peptide that has anti-microbial properties that target similar 

strains as their hosts that produce them. Typically, the cells that can produce their 

bacteriocins are usually immune to them due to the addition of an immunity gene in their 

genomes, so they don’t get destroyed in the process (Erjavec, 2015). Erjavec et al. put 

cells that contained the kill and anti-kill genes (ZP cells) through two different assays to 

test the effectiveness of this process (2015). The assays performed were a planktonic 

transconjugants conjugation assay and a biofilm assay.  

The planktonic transconjugants conjugation assay involved the ZP cells and a 

recipient strain being mixed together while in exponential phase and incubated in a 96 
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well polystyrene plate (Erjavec, 2015). The transconjugants were then supposed to be 

selected and plated on LB medium, however, in the presence of ZP, there were no 

transconjugants, meaning that the cells were likely killed (Erjavec, 2015). For the 

second one, the biofilms that grew on the polystyrene plate were washed with 0.89% 

NaCl and the biofilm was scraped off the cell walls using sonication. The cells from the 

biofilm were then diluted, inoculated, and incubated on a cell culture plate (Erjavec, 

2015). After incubation a viable cells count was done, to determine the number of cells 

present in the original solution. However, it was discovered that although the recipient 

strain normally made biofilms, when mixed with the ZP strain, it was no longer able to 

make the biofilms, leaving the cells more exposed and killing them (Erjavec, 2015). The 

assays resulted in no transconjugant identified and no biofilm produced, which proves 

that this system could be an effective means of antibiotic resistance inhibition (Erjavec, 

2015). Although this inhibition system is a great tool and should be considered as an 

option in the fight of antibiotic resistance, the system is not full-proof. Bacteria can still 

form mutations that can allow them to become resistant to the bacteriocins, so this 

process should be planned with care.  

Conclusion  

Bacterial conjugation is one of the easiest and quickest ways for bacteria to 

share DNA and include beneficial genes into their genomes. This process becomes a 

problem when considering antibiotic resistance and how pathogenicity can increase and 

create super-pathogens. To transfer these resistance genes, bacteria use protein 

complexes called type IV secretion systems (T4SS) to transfer single stranded plasmid 

DNA to bacteria that don’t yet contain the plasmid. The recipient cell can then integrate 
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these genes into their own chromosomes and make use of them. To combat this rapid 

increase of resistant pathogens, research is being focused into characterization of the 

proteins involved in DNA transfer as well as mechanisms for their inhibition. Most of the 

gram-negative T4SS proteins have been characterized, however only a handful of 

gram-positive proteins have been. The more information understood about these 

proteins the more easily inhibition mechanisms can be designed. So far there are three 

proposed inhibition mechanisms: unsaturated fatty acids, 2-bromopalmitic acid, and 

conjugation-based antimicrobial systems. The unsaturated fatty acids and 2-

bromopalmitic acid inhibit conjugation by preventing a necessary conformational change 

of one of the proteins of the T4SS. The conjugation-based antimicrobial system uses 

the conjugation process against the bacteria by inserting a gene into the transferred 

plasmid that only kills recipient cells. Although these processes work in different ways, 

they still have the same result which is the inhibition of antimicrobial resistant bacteria. 
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