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The increase of infections caused by multidrug-resistant bacteria, together with the
loss of effectiveness of currently available antibiotics, represents one of the most
serious threats to public health worldwide. The loss of human lives and the economic
costs associated to the problem of the dissemination of antibiotic resistance require
immediate action. Bacteria, known by their great genetic plasticity, are capable not only
of mutating their genes to adapt to disturbances and environmental changes but also of
acquiring new genes that allow them to survive in hostile environments, such as in the
presence of antibiotics. One of the major mechanisms responsible for the horizontal
acquisition of new genes (e.g., antibiotic resistance genes) is bacterial conjugation,
a process mediated by mobile genetic elements such as conjugative plasmids and
integrative conjugative elements. Conjugative plasmids harboring antibiotic resistance
genes can be transferred from a donor to a recipient bacterium in a process that
requires physical contact. After conjugation, the recipient bacterium not only harbors
the antibiotic resistance genes but it can also transfer the acquired plasmid to other
bacteria, thus contributing to the spread of antibiotic resistance. Conjugative plasmids
have genes that encode all the proteins necessary for the conjugation to take place,
such as the type IV coupling proteins (T4CPs) present in all conjugative plasmids. Type
VI coupling proteins constitute a heterogeneous family of hexameric ATPases that use
energy from the ATP hydrolysis for plasmid transfer. Taking into account their essential
role in bacterial conjugation, T4CPs are attractive targets for the inhibition of bacterial
conjugation and, concomitantly, the limitation of antibiotic resistance dissemination. This
review aims to compile present knowledge on T4CPs as a starting point for delving
into their molecular structure and functioning in future studies. Likewise, the scientific
literature on bacterial conjugation inhibitors has been reviewed here, in an attempt
to elucidate the possibility of designing T4CP-inhibitors as a potential solution to the
dissemination of multidrug-resistant bacteria.
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INTRODUCTION

Since their discovery, antibiotics have undoubtedly been
one of the biggest, if not the biggest, medical revolutions.
Regrettably, the abuse and misuse of antibiotics (mainly, for
medicinal and veterinary purposes) has led to the emergence
and dissemination of antibiotic resistant bacteria (ARB). The
dissemination of antibiotic resistance is mainly driven by
the horizontal transfer of antibiotic resistance genes (ARGs)
using a variety of mobile genetic elements (MGEs), such as
conjugative plasmids and integrative conjugative elements (ICEs)
(Chan, 2015). In particular, biofilms represent a hot spot
for horizontal gene transfer (HGT) by bacterial conjugation
(Águila-Arcos et al., 2017).

Antibiotic resistance is responsible for the death of more
than 33,000 people per year only in Europe, as well as
a medical expenditure of around 1.5 billion euros (Cassini
et al., 2019). It has been estimated that, by the year 2050,
10 million human lives might be at risk if no solution is
found (Cassini et al., 2019). About 70% of hospital diseases
are currently caused by multi-resistant bacteria (bacteria
resistant to several antibiotics), further complicating their
treatment. Not surprisingly, antibiotic resistance is at present
one of the major threats to modern medicine and public
health (World Health Organization, 2015, 2019a). In order
to both inform and sensitize governments and the society
in general, the World Health Organization presented a
list of the most critical antibiotic-resistant pathogen species
(Tacconelli et al., 2018). Although inevitably much more
attention has been paid to the magnitude of this problem
in hospital settings, the role of the environment on the
emergence and dissemination of antibiotic resistance has
been relatively recently recognized (Garbisu et al., 2018;
Urra et al., 2019a,b,c).

Alas, the magnitude of this alarming problem has increased
during the last years and decades, among other factors,
due to the scarce presence of innovative proposals and
treatments to fight ARB, as well as insufficient resources to
carry out the required research to solve, or at least mitigate,
the current antibiotic resistance crisis (Högberg et al., 2010;
World Health Organization, 2019b).

At this point, it is essential to devise and develop new
effective strategies in the fight against the emergence and
dissemination of multi-resistant bacteria. Bacterial conjugation
is one of the main mechanisms by which bacteria can acquire
ARGs. Since type IV coupling proteins (T4CPs) are essential
for the conjugation to take place, a priori they are attractive
therapeutic targets for the inhibition of bacterial conjugation
and, concomitantly, the limitation of antibiotic resistance
dissemination. Therefore, in this review, in addition to presenting
the existing knowledge on T4CPs, the latest advances in the
search for inhibitors of bacterial conjugation will be described
and discussed in an attempt to lay the foundations to facilitate
the much needed work in the search for molecules that can
efficiently inhibit T4CPs, thus opening the door to novel
approaches and methodologies to control the spread of antibiotic
resistance among bacteria.

HORIZONTAL DNA TRANSFER

Bacteria can modify their genetic material through three main
mechanisms: (i) mutations that alter the DNA sequence; (ii)
genetic rearrangements; and (iii) acquisition of new genetic
material via HGT. Nowadays, it is a well-known fact that
a high proportion of the bacterial genome corresponds to
horizontally acquired genetic material. This fact highlights the
key role of HGT for bacterial genome plasticity (Thomas and
Nielsen, 2005; Johnsborg et al., 2007). Actually, bacteria can
horizontally acquire genetic material through three different
mechanisms: transformation, transduction, and conjugation
(the latter is the most widespread mechanism of HGT)
(Bello-López et al., 2019). A fourth, still scarcely understood,
mechanism of HGT is mediated by bacterial membrane vesicles
(Johnson and Grossman, 2015).

Mobile Genetic Elements
The HGT processes of transduction and conjugation are
mediated by MGEs. Mobile genetic elements have genes that
encode the proteins necessary to move genetic material between
different bacteria (intercellular transfer) or within the same
bacteria among different DNA molecules (intracellular transfer)
(Frost et al., 2005). Due to the complexity of the interactions
among them, it is not easy to describe and unambiguously
classify the variety of currently known MGEs. In any case, in
general terms, the following groups can be differentiated: (i)
bacteriophages; (ii) conjugative and mobilizable plasmids; (iii)
genomic islands; (iv) transposable elements; and (v) integrons.

Bacteriophages (i.e., viruses that infect bacteria) can pack
DNA segments of the host bacterium and transfer them to a
new host bacterium, where they can be incorporated into its
chromosome by recombination (Frost et al., 2005).

Conjugative and mobilizable plasmids are stable, self-
replicating DNA molecules that carry genes not required for
essential cellular functions but potentially useful in harsh
conditions (Frost et al., 2005). Both types of plasmids can
transfer genes between bacteria by means of using a type IV
secretion system (T4SS) as conjugative machinery. But while
conjugative plasmids code for all the proteins needed for
self-transfer, mobilizable plasmids instead need a co-resident
conjugative plasmid for them to be transferred by conjugation
(Smillie et al., 2010).

Genomic islands are clusters of genes integrated into the
bacterial chromosome through which bacteria can acquire
advantageous functions such as, for instance, the ability
to become infectious or resistant to antibiotics. Genomic
islands are passively propagated during chromosomal
replication, segregation and cell division (Bellanger et al.,
2014). Two types of genomic islands can be distinguished:
(i) ICEs, also known as conjugative transposons, contain
a T4SS and, in consequence, they have the capacity to
be transferred to other bacteria (Johnson and Grossman,
2015); and (ii) integrative mobilizable elements (IMEs)
which encode their own excision, recircularization and
integration sequences but lack some of the genes necessary
for conjugative transfer and, hence, they need a co-resident ICE
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or conjugative plasmid for them to be transferred by conjugation
(Bellanger et al., 2014).

Transposable elements are DNA sequences capable of
moving themselves into different sites of the bacterial genome by
(i) excision from the original site and insertion into a new site;
or (ii) the generation of a new copy which will then be moved
to a new site. This group of transposable elements includes (i)
transposons (Tn) that, in addition to the genes specifically needed
for transposition, encode other genes; and (ii) insertion sequences
(IS) which only contain the genes required for transposition
(Siguier et al., 2014).

Integrons can capture gene cassettes using site-specific
recombination mediated by an integron-encoded integrase.
Furthermore, they contain a promoter necessary for efficient
transcription and expression of the gene cassettes. Relevantly,
integrons can be embedded in different MGEs which they use for
intra- and intercellular mobilization (Gillings et al., 2008).

For many years, it has been thought that conjugative plasmids
were the main cause of HGT. Nevertheless, recent research has
proven the relevance of ICEs (integrative conjugative elements)
and IMEs (integrative and mobilizable elements) for HGT
(Guédon et al., 2017). In any case, since conjugative plasmids
have genes that encode all the elements required for conjugation,
they have been studied thoroughly and accurately.

Type IV Secretion Systems
Type IV secretion systems (T4SS) are macromolecular assemblies
that can transport DNA and/or proteins (Christie, 2016). This
broad superfamily, in terms of function and structure, of
macromolecular complexes can be found in both Gram-negative
and Gram-positive bacteria (Christie et al., 2017). Different
classifications, based on different criteria, have been proposed
for T4SSs (Table 1). Although they do not cover all the cases,
due to the great variability observed within this superfamily,
two main classifications are regularly used. The first classification
is based on the T4SS function and differentiates two types (de
Paz et al., 2005): T4SS that take part in conjugation (cT4SS)
and T4SS that take part in pathogenic processes (pT4SS). In
any case, some T4SS, such as the one present in Agrobacterium
tumefaciens, show a dual nature (Li and Christie, 2018).
The second classification is based on the protein components
(Christie et al., 2017; Grohmann et al., 2018). In this case,
T4SS are similarly divided into two groups: type IV A (T4ASS)
and type IV B (T4BSS), whose paradigmatic systems are the
VirB/VirD system of A. tumefaciens and the Dot/Icm system
of Legionella pneumophila, respectively. T4ASS are composed
of approximately 12 proteins related to the VirB-D proteins of
A. tumefaciens (Christie et al., 2005). Although T4ASS proteins
are termed VirB1-11, there is a tendency to use TivB1-11
nomenclature, instead of VirB, to avoid confusion (Thomas et al.,
2017). T4ASS are associated with the dissemination of ARGs. On
the other hand, T4BSS are composed of 25 proteins, of which only
a few are homologous to the VirB system (Voth et al., 2012).

Gram-negative T4ASS evolved as supramolecular protein
structures formed by three different functional units or modules
(Figure 1). The first module, formed by three ATPases [VirD4
(T4CP), VirB4, VirB11], is an energy center located in the

cytoplasmic side at the entrance of the secretion channel (Ripoll-
Rozada et al., 2013). These proteins interact with the second
module, a larger infrastructure called the inner membrane
complex (IMC) (Low et al., 2014), formed by VirB3, VirB6,
VirB8, and the N-terminus of VirB10. The IMC, responsible for
substrate translocation through the inner membrane (IM), is
connected to the outer membrane core complex (OMCC), i.e.,
the third module. The OMCC, formed by VirB7, VirB9, and the
C-terminus of VirB10, is responsible for substrate translocation
through the periplasm and the outer membrane (OM) (Gordon
et al., 2017). Finally, the conjugative pilus, a structure essential
for the direct contact between bacterial cells (Lawley et al., 2003),
is composed of VirB2 and VirB5 proteins. Recent structural
studies on the F-plasmid have provided new insights into the
different types of channel structures and conjugative pili that can
be present in donor bacteria (Hu et al., 2019a).

In Gram-positive bacteria, the OMCC is not needed and,
consequently, T4ASS are minimized. Actually, in Gram-positive
bacteria, the OMCC is composed of only six VirB/VirD4
proteins and seems to lack a pilus-like structure. Instead, Gram-
positive bacteria use adhesins for cell-to-cell contact (Grohmann
et al., 2017). Recently, it has been reported (González-Rivera
et al., 2019) that the Gram-negative pKM101 plasmid can also
use adhesin-like structures instead of a conjugative pilus, a
mechanism until now observed only in Gram-positive bacteria.

Conjugative and Mobilizable Plasmids
Plasmids are autonomously replicating circular DNA molecules
located in the bacterial cytoplasm. It has been estimated (Smillie
et al., 2010) that a quarter of the plasmids are conjugative
plasmids, another quarter corresponds to mobilizable plasmids
and, finally, half of all plasmids are non-mobilizable plasmids.
Together, conjugative and mobilizable plasmids constitute the
so-called transmissible plasmids. In general, plasmids provide
advantageous properties and capacities for bacterial survival
such as, for instance, resistance to bactericidal and bacteriostatic
antibiotics. Plasmids are classified according to Incompatibility
Groups (Inc) so that two plasmids of the same group cannot
coexist at the same time within the same bacterial cell. Some
Inc groups (e.g., IncN, IncP, and IncW) can be found in many
different bacterial species; others (e.g., IncF and IncI), in contrast,
can only be stably kept in specific bacterial species (Kittell and
Helinski, 1993). Conjugative and mobilizable plasmids contain
all or some of the genes that take part in the conjugation
process, respectively.

Conjugation-related genes are divided into two modules:
MOB (mobility) and MPF (mating pair formation) genes (Smillie
et al., 2010; Figure 2). Conjugative plasmids have both modules
and, therefore, harbor genes that encode all the proteins needed
for HGT. The MOB module, formerly called DNA Transfer
and Replication (Bhatty et al., 2013), consists of three sequences
necessary for substrate processing. First, the oriT (origin of
transfer) sequence, which marks the starting point for DNA
processing. Second, the sequence that encodes the relaxase which
specifically recognizes the oriT sequence of its plasmid. Relaxase
is the only conserved protein in all transmissible plasmids. The
third protein encoded in the MOB module is T4CP, which
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TABLE 1 | Classifications of T4SSs.

Criterion Sub-families Reference

Pilus type F-like, P-type, I-type Lawley et al., 2003

Relaxase phylogeny MOB(F), MOB(H), MOB(Q), MOB(C), MOB(P), MOB(V) Garcillán-Barcia et al., 2009

Substrate Relaxase and ssDNA (conjugative systems), effector translocator
systems, DNA release and uptake systems

Alvarez-Martinez and Christie, 2009

VirB4 phylogeny MPFI, MPFC, MPFG, MPFT , MPFF , MPFB, MPFFATA, MPFFA Guglielmini et al., 2013

Function cT4SS, pT4SS de Paz et al., 2005

Protein components T4ASS, T4BSS Christie et al., 2017; Grohmann et al., 2018

FIGURE 1 | Molecular architecture of the T4ASS showing the location of the T4CP. Different components of the pilus, OMCC, IMC, and the ATPase energy center
are shown. To show equivalence between VirB/VirD4 and R388 systems, proteins corresponding to R388 are shown in brackets. Arrows represent dynamic
interactions of VirB11 protein through the conjugative process. VirD4 is highlighted in green. Red boxes highlight the proteins selected as targets for drug discovery
(VirB8 and VirB11). OMCC, outer membrane core complex; IMC, inner membrane complex. The schematic representation is based on the structure described by
Redzej et al. (2017). The image has been adapted from Waksman (2019).

recognizes the relaxosome in the cytosol and connects it with the
secretion channel located in the membrane. Likewise, accessory
proteins that take part in the processing of the relaxosome can
also be found in the MOB module. On the other hand, the MPF
module encodes the proteins that build the T4SS (VirB1-11 in
the case of T4ASS).

Mobilizable plasmids need a co-resident conjugative plasmid
for them to be transferred because they lack the MPF module
and contain only some of the sequences described above for
the MOB module. In particular, all mobilizable plasmids contain
the oriT and the relaxase which are specific to each plasmid.
Some mobilizable plasmids also contain a T4CP. Mobilizable
plasmids that encode their own T4CP form the MOBC1 plasmid
subfamily, with plasmid CloDF13 as the prototype of this
subfamily (Garcillán-Barcia et al., 2009).

Conjugation
Bacterial conjugation was initially described as a mechanism
of sexual reproduction among bacteria (Lederberg and Tatum,
1946). This mechanism of HGT originally emerged in ancient

proteobacteria and then expanded to all prokaryotes. Thanks
to the new horizontally acquired genes, the recipient bacterium
can acquire novel traits that allow it to survive in challenging
environments such as, for instance, in the presence of antibiotics.

Bacterial conjugation requires direct physical contact between
the two bacterial cells so that the ssDNA-protein complex can
be transferred from the donor to the recipient bacterium. This
process is usually divided into three steps: (i) the formation
of the relaxosome; (ii) the reception of the substrate to the
secretion channel; and (iii) the translocation of the substrate
from the donor to the recipient bacterial cell (Alvarez-Martinez
and Christie, 2009). However, recent studies have suggested
additional steps: first, to provide the required cell-to-cell contact
that initiates the transfer of the substrate, before the formation
of the relaxosome, the secretion channel has to be established
and the pilus formed. Also, during substrate translocation, the
machinery has to switch from a protein transfer mode to a ssDNA
transfer mode (Waksman, 2019). All these steps reflect the highly
complex nature of the conjugative process, with many actions
happening simultaneously.
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FIGURE 2 | The conjugative process. Conjugative plasmids encode all the elements necessary for conjugation, while mobilizable plasmids lack a cognate T4SS and
most of them also lack the T4CP. The conjugative process can be divided into five main steps: (A) Assembly of the components. (B) Formation of the pre-initiation
complex. The T4CP performs the reception of the relaxosome to the secretion channel. This interaction triggers the hexamerization of the T4CP, the ATP hydrolysis
by T4CP and VirB11, and finally the activation of the secretion channel. Both conjugative and mobilizable plasmids employ the T4CP of a conjugative plasmid,
except for the few mobilizable plasmids that encode their cognate T4CP. (C) Activation of the conjugative process and processing of the substrate. When the pilus
recognizes a receptor bacterium, a signal is transmitted to the relaxosome and DNA is processed. Each relaxase accomplishes the processing of its cognate
plasmid through the specific recognition of the oriT sequence. (D) Transfer of the substrate through the T4SS. This step is always accomplished via the T4SS
encoded in the conjugative plasmid. The question mark indicates that many questions remain open. (E) Substrate reception and end of conjugation. Once the
substrate enters the recipient bacterium, the ssDNA is recircularized and replicated. Color code: oriT, black; relaxase, red; T4CP, green; T4SS and pilus, blue; donor
bacterium, orange; receptor bacterium, purple.

A high amount of energy is required for conjugation to
occur, which explains the presence of different ATPases within
the conjugative machinery. In order to perform the transfer
of the substrate with the proper energy expenditure, the
conjugative process is highly regulated. Although there are
certainly still many unclear and unresolved aspects, in this review
we have divided the conjugative process into five main steps
(Figure 2) which apply to conjugation in Gram-negative bacteria
(the conjugation process is slightly different in Gram-positive
bacteria) (Grohmann et al., 2018):

A. Assembly of the T4SS channel, the conjugative pilus and
the relaxosome. Many unknown signals trigger the formation
of the T4SS secretion channel. In the canonical T4SS of

A. tumefaciens, virB gene expression is activated through the
sensing of an external factor from the milieu, which could
also be the case for other systems (Li and Christie, 2018).
For the establishment of the physical contact between donor
and recipient cells, the pilus (a polymer of VirB2 subunits) is
then assembled. Additionally, the relaxosome (composed of the
relaxase, DNA and accessory proteins) has to be formed in the
cytoplasm (Figure 2A).

B. Formation of the pre-initiation complex. Once the pilus,
the T4SS and the relaxome are formed, they all interact to form
a pre-initiation complex which stays latent until conjugation
begins (Waksman, 2019). The relaxosome is recruited by the
T4CP through a variety of interactions. Although relaxases are
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known to possess translocation signals in their sequence for T4CP
recognition (Christie, 2004), they are not the main responsible
elements for the abovementioned interaction. Actually, the
T4CP establishes the strongest interactions with the accessory
proteins (Llosa and Alkorta, 2017). The structural basis of these
interactions has not been resolved to date. Therefore, much
further research is needed to better understand this mechanism
(Li et al., 2019). It has been postulated (Waksman, 2019) that, as
a consequence of those interactions, the T4CP either hexamerizes
or creates heterohexamers with VirB4, which is attached to
the secretion channel. The binding of DNA to the T4CP and
the subsequent interaction with the T4SS appear to trigger the
hydrolysis of ATP by the T4CP and the VirB11-like protein.
These processes induce a conformational change in VirB10, thus
activating the secretion channel (Cascales and Christie, 2004a;
Cascales et al., 2013; Figure 2B).

C. Activation of the conjugative process. Although
intracellular signals caused by DNA-binding and ATP-hydrolysis
are necessary for substrate transfer, an extracellular signal is
also required. This extracellular signal is generated when the
pilus recognizes a recipient cell (Zechner et al., 2012). Once
the physical contact is established, the pilus retracts (F-type) or
falls (P-type), forming the junction between the two bacterial
cells (Lawley et al., 2003; Schröder and Lanka, 2005). Moreover,
the recognition signal is transduced through the T4SS to the
cytoplasm, thanks to a series of interactions between VirB10-like
proteins and T4CP (Llosa and Alkorta, 2017). As a consequence,

the relaxase nicks one of the DNA strands and gets covalently
attached to the 5′ end. Further, DNA replication takes place as a
rolling circle replication, forming the DNA strand from the free
3′ end (Llosa et al., 2002; Figure 2C).

D. Substrate transport through the T4SS. The substrate is
composed of the relaxase covalently bound to ssDNA. To transfer
a complex of such different characteristics (i.e., protein and
nucleic acid), the T4SS needs to undergo substantial changes
during conjugation. Many questions remain unanswered on
this matter, e.g., Which component is transferred first? How
is the relaxase unfolded and transferred? According to the
transfer DNA immunoprecipitation (TrIP) assay, the ssDNA is
transferred from T4CP to VirB11 without energy cost. Then,
the substrate is transferred to VirB6 and VirB8 proteins. At
this moment, the ATPases need to be active to generate the
required energy. Next, the substrate is transferred from VirB8 to
VirB9 and, finally, to VirB2 in the pilus (Cascales and Christie,
2004b). However, the substrate pathway solved by the TrIP does
not match the existing structural models. In consequence, this
matter should be further explored according to new pieces of
evidence (Waksman, 2019). Although the interactions between
the substrate and the different proteins have already been
defined and described, the translocation mechanism is not well
established yet. Originally, one-step and two-step models were
proposed. In the first model (one-step), the ssDNA substrate
would be transferred directly to the T4SS whereas, in the second
model (two-step), the ssDNA substrate would be transferred from

FIGURE 3 | Classification of T4CPs according to their molecular architecture. Each line represents one of the five subfamilies. Examples of each family are shown in
the second (molecular architecture) and third (protein name and sequence length) column. Dark green, transmembrane helices; light green, nucleotide-binding
domain; white lined squares, C-terminal domain. MP?, membrane protein postulated to interact with the TMD-less T4CP to perform its in vivo activity.
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the T4CP channel to the periplasm, and from there to the T4SS
(Llosa et al., 2002). In any case, this second model has been
discarded due to the high content of nucleases present in the
periplasm. Instead, it has been proposed (Christie, 2016) that
the T4CP is placed at the entrance of the T4SS, translocating
the substrate directly to the T4SS. Three possible translocation
pathways have been proposed for the ssDNA substrate: (i)
translocation could occur, through the channel of the T4CP
hexamer, to the T4SS; (ii) after its uptake by the T4CP, the
substrate could pass through the VirB4 hexamer and from there
it would be translocated to the T4SS; or (iii) after its interaction
with the ATPases, the substrate could be translocated directly
through a channel formed by IMC subunits (Christie et al., 2017).
In any case, many open questions remain to be answered about
the conjugative process (Figure 2D).

E. Substrate reception and end of conjugation. Although
substrate transport through the T4SS has been relatively well
studied, it is currently not clear how the substrate crosses the
outer and inner membrane of the recipient cell. Once in the
recipient cell, the relaxase circularizes the lineal ssDNA, which
is then used as substrate for the synthesis of the complementary
strand (to obtain the dsDNA plasmid), a process in which the
relaxase itself may also take part (Draper et al., 2005; Figure 2E).

Thanks to the conjugative process, the recipient cell benefits
from the characteristics encoded in the acquired plasmid. In
particular, if the recipient cell has acquired a conjugative plasmid,
it gains the ability to transfer it to other bacteria, thus becoming a
donor bacterial cell.

COUPLING PROTEINS

Type IV coupling proteins are essential for most T4SSs. As a
matter of fact, T4CPs are (i) key players in all the conjugative
systems; and (ii) present in many pathogenic processes that
translocate effector proteins. As indicated above, T4CPs are (i)
part of the MOB module in transmissible plasmids; and (ii)
normally encoded in juxtaposition with relaxases. The phylogeny
of T4CPs shows strong similarity with the phylogeny of relaxases,
suggesting that substrates might have evolved along with their
receptors. Concerning phylogeny, T4CPs are good markers of
conjugative systems because of their ubiquity and size (Smillie
et al., 2010). The most studied T4CPs are those associated
with T4ASS of Gram-negative bacteria (e.g., VirD4At , TrwBR388,
and TraDF). Nonetheless, studies have been extended to T4CPs
from Gram-positive bacteria (e.g., PcFCpCF10 and TcpApCW3)
(Parsons et al., 2007; Chen et al., 2008) and T4BSSs of Gram-
negative bacteria, such as DotLLp (Sutherland et al., 2012;
Meir et al., 2018).

The study of T4CPs has a double purpose. On the one hand,
taking into account their essential role in conjugation, they
have become interesting potential targets for the development of
conjugation inhibitors, as it is the case of other T4SS components
(Shaffer et al., 2016). In this manner, the spread of ARGs
could be controlled (similarly, in the case of pT4SSs, pathogenic
processes could be prevented). On the other hand, the specific
substrate transport carried out by T4CPs offers a wide range of

possibilities in the field of biotechnology, including the targeted
transport of desired molecules through heterologous systems
(Guzmán-Herrador et al., 2017).

Classification
Type IV coupling proteins are a family of heterogeneous proteins
that show lower sequence similarity than expected taking into
account their phylogenetic proximity. The motif that defines
the members of this family is the conserved Nucleotide-Binding
Domain (NBD). Nonetheless, different domain architectures can
be found among T4CPs. For instance, most T4CPs are membrane
proteins that show a transmembrane domain (TMD) at the
N-terminal end, as well as a cytoplasm-oriented all-alpha domain
(AAD), but, in some cases, they can also present a variable
domain in the C-terminal domain (CTD).

Based on the architecture and nature of these domains,
T4CPs were classified into six subfamilies (Alvarez-Martinez and
Christie, 2009) that were later reduced to five (Llosa and Alkorta,
2017; Figure 3).

VirD4-Type
This is the first described and most studied subfamily of
T4CPs (Christie, 2016). Its name is given by the T4CP of
the A. tumefaciens T-plasmid (i.e., VirD4At). TrwBR388, the
prototype of the T4CP family, is included within this VirD4-type
subfamily (Christie, 2004). The VirD4-type subfamily includes
membrane proteins of 500–750 residues which show, at least, two
transmembrane helices at the N-terminal end. They have a low
sequence identity among themselves (around 15–20%). However,
it has been observed (Cabezón et al., 1994; Llosa et al., 2003)
that some of these proteins can be interchanged to perform the
conjugation of mobilizable plasmids in vivo.

TraG-J Pairs
These are membrane proteins with a similar structure to
VirD4-type T4CPs, a length of around 700 residues, and
shorter periplasmic domains. They present higher sequence
similarity among themselves and, like VirD4-type T4CPs, they
can be functionally interchanged. They need to interact with a
membrane protein, i.e., TraJ, encoded next to the T4CP gene, in
order to perform their function (Gunton et al., 2007). TraJ-like
proteins have a length of approximately 200 residues and up to
five transmembrane helices.

T4CP Lacking TMD
The members of this subfamily do not have a TMD (this TMD
is essential for the function of most T4CPs). However, some of
these proteins interact with small membrane proteins, forming
complexes similar to VirD4-type T4CPs. Two of the most
studied proteins within this subfamily are TraJpIP501 (formerly
called Orf10pIP501) and TraIpIP501 (formerly called Orf9pIP501)
(Grohmann et al., 2016).

FtsK-Type T4CP
It has been reported (Gomis-Rüth and Coll, 2006) that the
structure of T4CPs shows certain similarities with the structure
of translocases from ssDNA SpoIIIE/FtsK. This similarity is
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increased in the case of FtsK-type T4CP. FtsK-type T4CPs have
more than 750 residues and several TMDs separated from the
NBD by large linker sequences. Although they do not show any
AAD, they usually have an additional domain for ATP-binding
and hydrolysis (Parsons et al., 2007).

Archaea T4CP
In the Archaea domain, some T4CPs have been
identified by predicting sequences based on NBDs
(Alvarez-Martinez and Christie, 2009).

Structure
As mentioned before, almost all T4CPs are composed of a TMD
and a cytosolic domain. The cytosolic domain contains an NBD,
an AAD and, in some cases, a CTD. The prototype of these
T4CPs is TrwBR388. The structure of its soluble mutant protein
(i.e., TrwB1N70) has been resolved by X-ray crystallography
(Gomis-Rüth et al., 2001).

Domains
Transmembrane domain
For VirD4-type T4CPs, the TMD is essential for in vivo
conjugation (Chen et al., 2008; Segura et al., 2013). This domain
is involved in the interaction between the T4CP and VirB10
protein (Llosa et al., 2003; Segura et al., 2013), which is crucial
for the activation of the T4SS. Besides, the TMD is critical
for protein oligomerization as it contains key residues for such
process (Redzej et al., 2017). The TMD is formed by α-helices
and contains periplasmic loops essential for T4SS interactions
and T4CP functions (Kumar and Das, 2002; Gunton et al., 2005).

The TMD of TrwBR388 is the most extensively studied.
Actually, it is the only T4CP that has been purified in its native
version. In those studies, it has been demonstrated that (i) a
progressive elimination of TMD elements leads to a reduction
in the frequency of DNA transfer; and (ii) the mutant protein
lacking the TMD (TrwB1N70) has no DNA transfer activity
(Segura et al., 2013). Likewise, the effect of the TMD on
the protein structure was analyzed by infrared spectroscopy
(Hormaeche et al., 2004; Vecino et al., 2011), observing that
TrwBR388 is more stable than TrwB1N70 under denaturing
conditions (i.e., low ionic force, presence of chaotropic agents,
high temperature), thus suggesting that the TMD contributes to
a more compact and ordered folding of the cytosolic domain.
The TMD also has an effect on nucleotide-binding activity, even
though this activity does not happen in this TMD. The wild-type
protein presents a lower binding affinity to all nucleotides but a
higher specificity to purine nucleotide triphosphates (Hormaeche
et al., 2006). It seems that the presence of the TMD reduces
the accessibility of the NBD, thus becoming more specific for
ATP. Still, TrwB1N70 has DNA-dependent ATPase activity,
which is enhanced in the presence of TrwAR388 (this activity
has not been detected in the native protein) (Tato et al., 2007).
All these results suggest that the TMD could have a regulatory
function in the cytosolic domain. Finally, the native protein,
as well as the TMD by itself, is located in the cell poles,
whereas the soluble mutant protein, in the absence of other
conjugative proteins, is found in the cytoplasm. By contrast, in

the presence of T4SS proteins, TrwB1N70 is evenly distributed
along the cell periphery, suggesting that the TMD leads the
polar location but interactions between the cytosolic domain and
T4SS proteins contribute to the membrane location of TrwBR388
(Segura et al., 2014).

Despite its crucial role, the TMD shows the most
heterogeneous sequence among T4CPs. Although critical
for the activity of VirD4-type T4CPs, T4CPs that lack a TMD
are capable of accomplishing the transfer of their cognate
plasmids. Moreover, the TMD-lacking mutant protein of FtsK-
type TcpApcW3 T4CP, i.e., TcpA146−104, can certainly perform
conjugation, although at a lower frequency than the wild-type
protein (Parsons et al., 2007). Comparative studies between
TrwBR388 and TrwB1N70 have shed light on the role of the
TMD, which goes beyond being a simple anchor of TrwBR388
to the membrane, something that may be also true for other
T4CPs. The study of membrane proteins is a challenging task. In
consequence, most studies on T4CPs have been performed using
soluble mutant versions. Accordingly, more comparative studies
using wild-type and soluble-mutant proteins from different
members of the T4CP family are highly required.

Cytosolic domain
The cytosolic domain can be divided into two subdomains: NBD
and AAD. Occasionally, a third domain, CTD, is also present.

Nucleotide-binding domain. The NBD, the most conserved
domain, is shared by all T4CPs. This domain has two motifs. The
first motif, i.e., P-loop or Walker A, binds β and γ phosphates
of nucleotides (Walker et al., 1982). This P-loop motif, usually
represented as G-x(4)-GK-(TS), where x can be any amino acid,
is rich in glycine and has a conserved lysine followed by a
serine or a threonine. The P-loop motif is present in many
ATP- or GTP-binding proteins such as, for instance, the α and
β subunits of ATP synthases, myosin, adenylate cyclase, and
the ABC protein family (Geourjon et al., 2001). The second
motif is called Walker B and its sequence is represented as
(RK)xxxGxxx-LhhhDE, where x refers to any amino acid and
h is a hydrophobic amino acid (Walker et al., 1982; Hanson
and Whiteheart, 2005). Topologically, the NBD is located near
the membrane while, structurally, it is formed by a twisted β-
sheet surrounded by α-helices (Gomis-Rüth and Coll, 2006). This
conformation resembles that of the β-domain of FtsK protein, a
membrane protein motor that drives DNA across the membrane
during cell division (Aussel et al., 2002). The NBD is essential for
the in vivo activity of T4CPs. In fact, Walker A mutants cannot
accomplish conjugation (Moncalián et al., 1999; Kumar and Das,
2002; Gunton et al., 2005), possibly due to the lack of ATPase
activity (Tato et al., 2005). This lack of ATPase activity does
not seem to affect other characteristics of the mutant proteins
such as cell location, nucleotide-binding affinity, and interaction
with the substrate (Moncalián et al., 1999; Chen et al., 2008).
These findings suggest that T4CP function could take place after
nucleotide- and substrate-binding events.

All-alpha domain
The AAD is oriented toward the cytoplasm and presents a
variable size, sequence and folding pattern. This domain is also
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present in many proteins from the RecA family (Gomis-Rüth
et al., 2001). Furthermore, the AAD domain of TrwBR388 presents
structural similarities to the N-terminal domain of the XerD
recombinase, a protein that interacts with the previously named
FtsK resolving the DNA knots formed after replication. As the
XerD’s N-terminal domain is located over the NBD, it blocks
DNA-binding and, therefore, a conformational rearrangement is
needed to interact with the substrate. A similar situation could
happen in T4CPs, where the AAD would block the NBD and,
after a conformational change, could take part in DNA-binding
(Gomis-Ruth et al., 2005). Besides, the six α-helices present in
AAD of TrwBR388 show similar topological characteristics to the
DNA-binding domain of TraMF , a component of the relaxosome
of the F-plasmid that interacts with T4CPs. No homologous
of TraMF has been found in the R388 plasmid, suggesting
that TrwBR388 has incorporated the structure of this interacting
domain for DNA-binding. Whitaker et al. (2015) reported two
essential roles of the AAD in bacterial conjugation: (i) it activates
the secretion channel; and (ii) it specifically recognizes its cognate
relaxosome and accessory proteins. Mobile genetic elements that
lack a cognate T4CP must then overcome this specificity in order
to be transferred through a heterologous T4SS.

C-terminal domain
Some T4CPs, such as VirD4-type (e.g., VirD4At), FtsK-type (e.g.,
TcpApCW3), and Archaea-type (e.g., TraGpKEF9), acquired a new
CTD (Alvarez-Martinez and Christie, 2009). CTMs present high
heterogeneity in terms of sequence and size, but all of them have
glutamate- and aspartate-enriched regions.

The CTDs of different conjugative systems can present
different functions. Many DNA-binding proteins show acidic
C-terminal sequences that take part in the DNA-binding process
(Lee and Thomas, 2000; Wang et al., 2007; Harrison et al.,
2016; Basu et al., 2020), which appears to be their main
function in T4CPs. For example, in the case of TraDF T4CP,
the interaction of its CTD with one of the components of the
relaxosome, TraMF , is essential for recognition and plasmid
transfer (Lu and Frost, 2005; Lu et al., 2008). In a similar manner,
the CTD domain of TcpApCW3 triggers a threefold enhancement
of conjugation frequency via its interaction with other T4SS
proteins (Steen et al., 2009).

Some T4CPs are related with pathogenic systems that contain
a CTD. On the one hand, Whitaker et al. (2016) reported that the
relevance of the CTM in VirD4At depends on the substrate. These
authors concluded that the CTD of VirD4-type T4CPs (related
to pT4SS) evolved to (i) widen the effector repertoire; and (ii)
improve the space-time regulation of the effector presentation.
On the other hand, it has been described (Sutherland et al.,
2012; Meir et al., 2018) that the acidic tail of protein DotLLp
from L. pneumophila is involved in the reception of the effector
proteins from the IcmSW system.

Structure of TrwBR388
Up to date, only two crystal structures related to T4CPs
have been achieved: (i) the crystal structure of the TMD-less
variant of TrwBR388, TrwB1N70 (Gomis-Rüth et al., 2001);
and (ii) the C-terminal extension of DotLLp, as part of the

Dot/Icm holocomplex from the T4BSS of L. pneumophila (Kwak
et al., 2017). Since TrwBR388 is the most studied T4CP, it is
considered the archetypal of this protein family. The obtained
structure is similar to TrwKR388 structure (a homolog of
VirB4 in the R388 system), which underlines the structural
homology between VirD4 and VirB4-like proteins, despite their
poor sequence similarity, and reinforces their phylogenetic
relationship (Walldén et al., 2012; Guglielmini et al., 2013). In
fact, the X-ray crystallographic structure of TrwB1N70 (PDB ID
1E9R) was used to construct, by homology modeling, a 3D model
for VirB4 (Middleton et al., 2005). These authors suggested that
VirB4 may act as a docking and pumping agent at the entrance
of the T4SS channel, in concert with other T4SS components, to
transport substrates through the T4SS. Subsequent structural and
mechanistic studies have demonstrated that T4CPs are located in
between the VirB4 ATPases (Redzej et al., 2017).

TrwB1N70 has been crystallized without ligands or in the
presence of nucleotides and sulfate ions (Gomis-Rüth et al.,
2001, 2002b). Its structure shows similarities with other protein
families, such as AAA+ ATPases, RNA and DNA helicases,
and proteins from the FtsK/SpoIIIE family. TrwB1N70 has a
homohexameric globular structure (110 Å in diameter and 90 Å
in height) with an internal channel (ICH) that goes across the
hexamer (a 22 Å wide in the membrane side and 7 Å wide in the
cytosolic side). This narrowing from 22 to 7 Å in the cytosolic
side suggests the existence of conformational changes to enable
the substrate to enter into the transport system (Schröder and
Lanka, 2005). By means of electrostatic potential calculations,
it has been described (Larrea et al., 2017) that there are three
electrostatic regions inside the channel: (i) a short hydrophobic
region in the cytosolic side; (ii) a highly electronegative segment
in the middle part of the channel; and (iii) an electropositive part
in the second half of the channel. The functional relevance of
the different amino acids has been revealed by the analysis of
mutants, concluding that amino acids at both ends of the ICH
regulate the opening of the channel and that amino acids in the
middle part of the channel define the translocation pathway of
the substrate (Larrea et al., 2017).

Regarding the primary structure of TrwBR388 (Figure 4A),
the first amino acids (M1 to K8) are related to a small cytosolic
domain, followed by the TMD (V9 to V69). According to its
sequence, this region is formed by two α-helices linked by a
loop that is proposed to be located in the periplasmic region,
perhaps interacting with the T4SS and with periplasmic regions
of other subunits of the hexamer. Walker A and Walker B
domains are located from L71 to K183 and from D298 to I507
amino acids, respectively. The AAD is located between both
Walker domains (G184-G297) (Figure 4A). The region between
R437-T444 and T450-E455 amino acids, related to the membrane-
proximal edge of β9 and β10 strands, has not been solved in the
soluble mutant protein structure, probably due to its interaction
with the excised TMD (Figure 4B). Modeling of this region
rendered β-sheets that, together with the α-helices of the TMD,
could create the right channel for substrate transport through the
membrane (Figure 4C).

Each TrwBR388 monomer looks like an orange slice and
can be divided into the NBD and AAD domains (Figure 4B).
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FIGURE 4 | TrwBR388 structure. (A) Primary structure. The location of the domains along the sequence is shown. (B) Diagram of TrwB1N70 monomer. The different
domains are colored as in panel (A). The TMD (green), not solved in the crystal structure, is represented as two cylinders. Regarding β9 and β10 strands (orange),
only their structurally solved parts are shown (PDB: 19E6). (C) Representation of four monomers (each of them in a different color) with in silico modeled TMD, β9,
and β10 strands (gray). Panel (C) adapted from Gomis-Rüth et al. (2002a).

Nucleotide-binding pockets are located in the intermonomeric
contact surface (these contact sites represent 25% of the total
surface). Therefore, in the hexameric conformation, 50% of the
surface of each subunit is in contact with neighboring subunits.
The crystal structures solved in the presence of nucleotides
(Gomis-Rüth et al., 2002b) show conformational movements in
the active site which extend through the ICH. Then, nucleotide
binding or hydrolysis can trigger conformational changes in
the T4CP, thus facilitating interactions with the substrate
(Gomis-Rüth et al., 2002b).

Negative-stain electron microscopy images (NS-EM)
(Hormaeche et al., 2002) of the complete TrwBR388 reflect a
strong structural similarity to TrwB1N70, as well as a 25 Å-sized
appendix that corresponds to the TMD (Figure 5A). Similarly,
Redzej et al. (2017) studied TrwBR388, along with the T4SSR388
complex, by NS-EM, observing that two TrwBR388 dimers are
localized between two TrwKR388 hexamers. It must be taken into
account that fixed images provided by Ns-EM cannot properly
represent all the steps involved in the conjugative process, where
interactions between substrates and T4SSs are highly dynamic

and complex. It is possible that the abovementioned NS-EM
images represent only one of the steps of the transfer process. In
this regard, some authors (Li et al., 2019) have claimed that the
hexameric structure solved for TrwB1N70 does not correspond
to the real in vivo oligomeric and functional state.

Oligomerization
The functional structure of T4CPs is postulated to be a
homohexamer that presents wide contact regions in the
cytoplasmic part of the monomers. However, the results
presented by Redzej et al. (2017) suggest that the in vivo
functional state might be dynamic in the sense of possible
switching from dimers to hexamers (Figure 5B). Also, from
combined electron microscopy and docking calculations, it
has been postulated (Peña et al., 2012; Waksman, 2019)
that its active form could consist of heterohexamers with
VirB4-like proteins. This interesting hypothesis requires further
exploration but opens up a road for computational modeling
and biophysical studies regarding the possibility of (hetero)-
dimerization interfaces as crucial sites for the inhibition of
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FIGURE 5 | (A) TrwB1N70 and TrwBR388 hexamers. 1 and 3 represent the side and top view of TrwB1N70, respectively, solved by X-ray diffraction. 2 and 4
represent the side and top view of TrwBR388, respectively, obtained by electron microscopy. Scale bar: 50 Å. Figure adapted from Hormaeche et al. (2002).
(B) Representation of the possible functional oligomeric states of T4CPs. It has been described that T4CPs interact with the T4SS as dimers (Redzej et al., 2017). As
their functional structure is postulated to be a hexamer, they could perform their role as (i) homohexamers, composed of six T4CP subunits; or (ii) heterohexamers,
composed of four T4CP subunits and two VirB4 subunits.

conjugation. Additionally, through electron cryotomography,
a technique most useful for the analysis of secretion systems
(Oikonomou and Jensen, 2019), density images of T4CPs from
Dot/IcmT4SS and CagT4SS (DotLLp and CagβHp, respectively)
have been obtained (Chetrit et al., 2018; Hu et al., 2019b; Li et al.,
2019). The discrepancies shown by the in vivo oligomeric states of
these T4CPs underline the need for further studies on this matter.

Nevertheless, the requirement of the TMD for oligomerization
has been highlighted in different studies (Hormaeche et al., 2002;
Schroder and Lanka, 2003; Mihajlovic et al., 2009). Precisely,
it seems that interactions in the TMD are held by key amino
acids located in the second helix of the TMD (Segura et al.,
2013), specifically the GXXXXG motif which is related to
the oligomerization of many membrane proteins (Teese and
Langosch, 2015). In fact, the mutant protein TrwB1N70 cannot
be purified as a hexamer and only in vitro assays in which
TrwB1N70 interacts with G-quadruplex DNA (G4-DNA) show
oligomers (Matilla et al., 2010). Other studies (Haft et al.,
2007) indicate that interaction with DNA is not necessary for
in vivo oligomerization of TraDF . According to this TraDF
oligomerization model, the T4CP enters the membrane as a

monomer and then establishes contact with the TMD of another
monomer. Thus, homodimers are formed by CTM-mediated
interactions. Finally, accessory proteins encoded in the F-plasmid
recognize N-terminal sequences and favor the creation of trimers
of dimers, thus obtaining membrane-stabilized hexamers. In the
absence of the TMD, the cytosolic domains of TraDF monomers
do not interact, highlighting the relevance of the TMD for
oligomerization. In any case, the oligomerization mechanism of
T4CPs lacking TMD, such as TraJpIP501, is unknown. Despite
some evidence for their dimerization, the hexameric form of
TraJpIP501 has not been observed so far (Abajy et al., 2007).

Molecular Interactions
Type IV coupling proteins interact with both T4SS-proteins and
the substrate to be transferred, creating a complex interaction
network which is thought to be highly dynamic during the
conjugative process itself, possibly owing to the presence of
different signals (Christie, 2016; Redzej et al., 2017). As an
example, it is a well-known fact that the cytosolic domain
interacts with the substrate and/or the accessory proteins of the
relaxosome. Interactions with the relaxase are indeed specific, but
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less tight than those with the accessory proteins of the relaxosome
or molecular chaperones (Sastre et al., 1998; Hamilton et al., 2000;
Llosa et al., 2003). Additionally, highly regulated interactions
between the cytosolic domain of T4CPs and DNA have been
described both in vivo and in vitro. These interactions are
independent of the DNA sequence (Moncalián et al., 1999; Abajy
et al., 2007). In vivo assays suggest that they depend on DNA
processing and MOB protein activity (Cascales and Christie,
2004a; Chen et al., 2008). Moreover, the DNA structure seems
a relevant factor for interaction specificity, as TrwB1N70 shows
higher affinity for G4-DNA than for DNA molecules lacking this
particular structure (Matilla et al., 2010). On the other hand,
interactions between TraGRP4 and DNA can be inhibited in vivo
with ATP, ADP, and Mg2+ (Schroder and Lanka, 2003). T4CPs of
T4BSS have also shown binding to DNA, although they are only
implicated in effector protein transport (Schroder et al., 2002).

In addition, TMD and cytosolic domains are involved
in interactions with the T4SS. The cytosolic side of T4CPs
interacts with other ATPases that form the energy center
(i.e., VirB4 and VirB11-like proteins) (Llosa and Alkorta,
2017) and TMD interacts with VirB10-like proteins (Segura
et al., 2013). This non-specific interaction occurs between the
periplasmic loops (Llosa et al., 2003; Gunton et al., 2005).
Moreover, the T4CP can interact with heterologous T4SSs,
creating an opportunity to form chimeric conjugation or
effector-translocator systems (de Paz et al., 2005). Finally, in
Gram-negative bacteria, T4CPs can interact with peptidoglycan
hydrolases (Alvarez-Martinez and Christie, 2009).

Function
There is no consensus regarding the possible roles of the T4CP
during conjugation. When the crystal structure of TrwBR388 was
first solved, it was proposed (Gomis-Rüth et al., 2001) that, apart
from having a role in the coupling between the substrate and the
T4SS, it could also function as a molecular motor. Nevertheless,
since then, four additional roles have been proposed highlighting
the importance of T4CPs for conjugation: (i) substrate reception
to the T4SS; (ii) energy source for conjugation; (iii) signal
transduction; and (iv) substrate translocation. All domains
appear to be relevant; actually, the lack of any domain or the
presence of mutations have important effects on conjugation
frequency (De Paz et al., 2010; Cascales et al., 2013; Whitaker
et al., 2015). Specifically, mutants lacking the TMD or NBD
cannot accomplish conjugation, underlining the relevance of the
TMD (i.e., subcellular location, regulation, interactions with the
T4SS) and the ATPase activity (Moncalián et al., 1999; Kumar
and Das, 2002; Gunton et al., 2005; Chen et al., 2008; Lang
and Zechner, 2012). Indeed, the ATPase activity of the T4CP
is essential for conjugation (Cascales et al., 2013). What is
more, as mentioned before, punctual mutations on the NBD
can inhibit conjugation (Tato et al., 2005). However, so far,
this ATPase activity has not been described in the native
protein, probably because of the highly complex regulatory
network existing in the bacterial cell which can include accessory
proteins, interactions with lipids, and unknown signal-mediated
conformational changes. Along these lines, it has been reported
(Cascales et al., 2013) that T4CPs take part in the complex

signaling network happening during conjugation through their
interactions with the relaxosome and the channel subunits.

Pertaining to the essential role of the T4CP in substrate
transfer, it has been demonstrated (Draper et al., 2005; De Paz
et al., 2010) that, in the absence of DNA transfer, the ATPase
activity of the T4CP is required for the transport of the relaxase.
On the other hand, TrIP studies have demonstrated that, upon
the activation of conjugation, the T4CP is the first protein to
interact with the ssDNA substrate prior to its delivery to VirB11
(Cascales and Christie, 2004b).

Finally, considering the structural homology of T4CPs with
other DNA transfer motors, as well as their interactions with the
substrate, it has been suggested (Cabezon and de la Cruz, 2006)
that T4CPs could act as motors that pump the ssDNA through
its ICH, taking advantage of their ATPase activity, Nonetheless,
no key amino acids have been clearly identified to perform such
ssDNA transport (Larrea et al., 2017).

INHIBITION OF T4CPs TO CONTROL
ANTIBIOTIC RESISTANCE
DISSEMINATION

Inhibition of Conjugation
Bacterial conjugation is the main process by which bacteria
acquire (i) resistance to antibiotics; and (ii) the ability to
transfer such resistance to other bacteria, thus contributing
to the spread of antibiotic resistance. Therefore, a possible
strategy to control the spread of antibiotic resistance is to
inhibit the activity of conjugative proteins. However, inhibition
of bacterial conjugation has received little attention as the search
for new antibiotics has captured most of the scientific interest
(Kwapong et al., 2019).

Since the T4SS has, at least, 12 different proteins, the
possibilities for finding therapeutic targets (inhibitors of
conjugative proteins and, hence, conjugation itself) are broad.
A detailed biochemical and biophysical study of the key elements
in the conjugative process is required to be able to properly
assess the potential of such strategy. In the last decade, a lot of
research (see below) has been conducted in the search for specific
inhibitors of key conjugative proteins, without interfering with
other processes present in human cells or the environment. In
particular, the search for conjugation inhibitors has focused on
two key proteins: (i) the VirB8-like proteins and (ii) VirB11-like
proteins (one of the ATPases of the T4SS).

VirB8-like proteins are essential assembly factors that play a
key role in protein-protein interactions in all T4SS. They are
needed for substrate translocation from the cytoplasm to the
recipient bacterium. Therefore, their specific inhibition could
control the dissemination of antibiotic resistance in a targeted
way (Baron, 2006). Based on structural data of TraEpKM101
(the VirB8-like protein of plasmid pKM101), the surface groove
located between the α-helical and the β-sheet faces was used
as docking site to identify and then develop small molecules
capable of inhibiting the dimerization of TraEpKM101 and the
conjugative transfer of plasmid pKM101 (Casu et al., 2016, 2017).
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FIGURE 6 | (A) 3D structure of VirB8 from Brucella suis (cyan) in complex with inhibitor B8I-1 (2-(butylamino)-8-quinolinol, magenta) (PDB ID 4AKY). (B) Detail of key
residues at the binding site from PDB ID 4AKY. (C) 3D structure of TraEpKM101 from Escherichia coli (plum) in complex with inhibitor 239852 (orange) bound at the
groove (PDB ID 5WIP) and superimposed to the 3D structure of E. coli TraEpKM101 (also in plum) in complex with inhibitor 105055 (yellow) bound to the α-helical
region (PDB ID 5WIO). (D) Detail of key residues at the binding site from PDB ID 5WIP. (E) Detail of key residues at the binding site from PDB ID 5WIO.

This work proved the possibility of finding conjugation inhibitors
by using structural information of T4SS proteins. In any event,
it is still highly necessary to identify molecules that can inhibit
most members of this VirB8-like protein family, regardless of
their particular conjugative system.

Regarding VirB11-like proteins, two members of this family
have been considered as drug targets in the search for specific
conjugation inhibitors: Cagα and TrwDR388. Compounds that
inhibit both the in vitro ATPase activity of Cagα (an essential
protein for Helicobacter pylori virulence) and the transfer of the
CagA effector protein have been identified (Hilleringmann et al.,
2006). Additionally, based on virtual high throughput screening
(HTS), a series of 8-amino imidazo(1,2-a)pyrazine derivatives
that inhibit the ATPase of Cagα have been identified (Sayer et al.,
2014). Unfortunately, in both studies (Hilleringmann et al., 2006;
Sayer et al., 2014), there are concerns about the specificity of
these compounds since they may also inhibit other bacterial or
mammalian ATPases. Alternatively, an approach that does not
specifically target Cagα ATPase activity has been tested (Arya
et al., 2019), finding molecules that bind and stabilize Cagα, some
of which inhibited Cagα ATPase activity and also dissociated
Cagα hexamers.

Unsaturated and alkynoic fatty acid derivatives (Fernandez-
Lopez et al., 2005; Getino et al., 2015) have also been

found to effectively inhibit bacterial conjugation. Similarly,
tanzawaic acids have potential as conjugation inhibitors
(Getino et al., 2016). In particular, TrwDR388, the VirB11 analog
of R388 plasmid, has been the target of the abovementioned
fatty acids and some derivatives, such as 2-bromopalmitic acid
(Ripoll-Rozada et al., 2016; García-Cazorla et al., 2018).

All these studies support the possibility of using specific
inhibitors of key conjugative proteins in order to control the
spread of antibiotic resistance among bacteria. Considering
the well-known current magnitude of the antibiotic resistance
problem, we must urgently test the widest possible repertoire
of therapeutic targets in the search for specific inhibitors of
bacterial conjugation. In that line of action, here we have
described (i) the key role played by T4CPs; (ii) the different
members of this family; and (iii) the functional and structural
characteristics of those members (most relevantly, TrwBR388) on
which there is information.

Computational Approaches for the
Identification and Design of T4SS Protein
Inhibitors
Computational approaches applied to tackle biological problems
encompass multiple techniques, such as molecular docking,
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TABLE 2 | Chemical structure of ligands reported as T4SS protein inhibitors.

Target: VirB8 (Brucella suis) (Smith et al., 2012)

Compound Structure

B8I-1

B8I-2

UM0125823

UM0125848

Target: TraEpKM101 (Casu et al., 2016)

Compound Structure

B8I-16

BAR-072

BAR-073

UM-024

Target: TraEpKM101 (Casu et al., 2017)

Compound Structure Compound Structure

4H10 239852

1E6 105055

(Continued)

TABLE 2 | Continued

Target: TrwD (Escherichia coli) (Ripoll-Rozada et al., 2016)

Compounda Structure

Oleic acid

Linoleic acid

2-HAD

2-ODA

2,6-HDA

Target: TrwD (Escherichia coli) (García-Cazorla et al., 2018)

Compounda Structure

2-BP

a IUPAC names. oleic acid, (Z)-octadec-9-enoic acid; linoleic acid,
(9Z,12Z)-octadeca-9,12-dienoic acid; 2-HDA, hexadec-2-ynoic acid; 2-
ODA, octadec-2-ynoic acid; 2,6-HDA, hexadeca-2,6-diynoic acid; 2-BP,
2-bromo-hexadecanoic acid.

virtual screening, and molecular dynamics simulations, among
others (Martín-Santamaría, 2018). These techniques have proven
to be very useful for the study of molecular recognition processes,
as well as for the identification and design of a vast variety
of compounds with biological activity (Leelananda and Lindert,
2016). Computational methods are especially helpful in the early
stages of the search for novel modulators, e.g., prior to HTS, but
also to understand the functioning of biological macromolecules,
thus providing clues for the identification and design of novel
molecules with potential as therapeutic agents.

T4SS proteins have been studied by computational methods
in order to (i) better understand their mechanism of action;
and (ii) obtain inhibitors to modulate their functions. In
this respect, salicylidene acylhydrazide-type compounds were
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described (Smith et al., 2012) as inhibitors of Brucella suis VirB8
upon binding to a pocket away from the dimerization interface.
The binding of these compounds prevented dimerization in both
bacterial two-hybrid (BTH) assays and fluorescence resonance
energy transfer-based in vitro assays, suggesting an allosteric
mechanism of inhibition (Smith et al., 2012). The identification
of the binding pocket was assisted by molecular docking of
ligands B8I-1 to B8I-20 (Figure 6 and Table 2). The binding
takes place in the pocket formed by residues R114, E115, Q144,
L151, Y155, and K182 (Figures 6A,B). Based on these results, B8I-
2 derivatives were synthesized and two of them (UM0125823
and UM0125848, Table 2) were found to be active against VirB8
dimerization. Docking prediction for these derivatives was in
agreement with experimental data. Some of these compounds
(B8I-1 to B8I-16 and UM-023 to UM-050) were later tested
against TraEpKM101, along with other novel BI8-2 derivatives
(Casu et al., 2016). The binding site (mainly, R110, E111, K140,
and T157 residues; Figures 6C,D), a cavity homologous to the
groove present in VirB8, was identified by means of molecular
docking. The predicted binding for these compounds agreed with
in vitro and in vivo experimental data: B8I-16, BAR-072, BAR-
073, and UM-024 (Table 2) showed reduced TraE dimerization
and pKM101 transfer.

Other VirB8-type protein inhibitors have been observed
to inhibit TraEpKM101 upon fragment-based screening using a
differential scanning fluorimetry assay. Possible binding sites
for the fragments were identified by means of molecular
docking and X-ray crystallography (Casu et al., 2017). Docking
calculations showed that many fragments bind to the surface
groove previously reported (Smith et al., 2012; Casu et al., 2016),
but also to a novel binding site located at the α-helical region
(H109, S112, D121, and V159 residues; Figure 6E) near to the
dimerization interface. For two of the fragments, 4H10 and 1E6
(Table 2), X-ray structures, in complex with TraE, were obtained
(PDB ID 5WII and 5WIC), showing that 1E6 binds to both
binding sites while 4H10 binds near to the groove. Based on these
fragments, derivatives 105055 and 239852 (Table 2) were found
and docked, predicting improved affinity. The prediction was
confirmed by X-ray crystallography (PDB ID 5WIO, in complex
with 105055, and 5WIP, with 239852), which showed binding to
the surface groove for 239852 (Figure 6D) and to the α-helical
region of TraE for 105055 (Figure 6E). Further biological assays
confirmed the inhibition of conjugative transfer of pKM101.

Some fatty acids, e.g., linoleic and oleic acid (Fernandez-Lopez
et al., 2005), and 2-alkynoic fatty acid derivatives (Table 2),
such as 2-hexadecynoic acid (2-HDA), 2-octadecynoic acid (2-
ODA) and 2,6-hexadecadiynoic acid (2,6-HDA) (Getino et al.,
2015), have been reported to inhibit bacterial conjugation.
These fatty acids have been identified to target the VirB11-
like protein TrwDR388 of Escherichia coli (Ripoll-Rozada
et al., 2016), inhibiting TrwD function without competing
with its endogenous substrates. To understand the inhibition
mechanisms of these fatty acids, a homology model of TrwD was
built with using B. suis VirB11 as a template (Ripoll-Rozada et al.,
2016). Subsequent docking studies were performed, showing that
the fatty acids could bind the N-terminal domain (residues 37–
54) and the linker region (residues 118–125), thus affecting the

plasticity of the N-terminal domain and, hence, avoiding the
conformational changes needed for ATPase activity. The docking
predictions also reported the same binding site for palmitic acid.
Further studies (García-Cazorla et al., 2018) have shown that
the fatty acids abovementioned as TrwD inhibitors, as well as
a novel inhibitor, 2-bromopalmitic acid (2-BP, Table 2), can be
incorporated to the bacterial membrane and affect TrwD binding
upon competition with palmitic acid. Docking studies for 2-BP
showed the same binding site than that for linoleic, oleic and
palmitic acid, but with a different binding mode.

CONCLUDING REMARKS

Bacterial conjugation, the major mechanism responsible for the
acquisition of new genes by bacteria, is one of the main processes
responsible for the dissemination of antibiotic resistance among
bacteria. Conjugation is performed by T4SSs, which provide
substrate processing and its transfer to the recipient bacterium
through a macromolecular complex composed of at least 12
different proteins. The T4CP, one of the essential proteins
of this process, is present in all conjugative systems. Despite
their importance, few T4CPs have been studied in detail, being
TrwBR388 the structural and functional paradigm of the family.
Along with TrwBR388, in the scientific literature, there are data
on the structure, oligomerization, function and interactions with
other T4SS proteins for a few members of the T4CP family, which
have been described here.

The worrying increase in the emergence and dissemination
of antibiotic multi-resistant bacteria, together with the loss of
effectiveness of current antibiotics, highlights the great urgency
to find effective strategies to control antibiotic resistance spread.
The search for inhibitors of key conjugative proteins, using
in vitro HTS and computational approaches, has proved to
be extremely useful to identify potential inhibitors of bacterial
conjugation. This review aims to compile the progress made
so far in the knowledge of T4CPs, from a structural and
molecular viewpoint, as well as the work performed to identify
and design conjugation inhibitors through the specific inhibition
of key conjugative proteins. The combination of computational
approaches with the existing body of knowledge on T4CPs will
facilitate the development of conjugation inhibitors targeting
T4CPs, with the ultimate goal of selectively controlling the spread
of antibiotic resistance. To this purpose, further biophysical and
computational studies on T4CP function, interactions between
T4CPs and T4SS proteins, and dimerization/oligomerization
among T4CP homologues are required.
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