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IInnttrroodduuccttiioonn  
 
  

11..                                                              AArroommaattiicc  ccoommppoouunnddss  

 

Hydrocarbons are composed of hydrogen and carbon atoms, and those that exhibit one or 

several benzene rings are called aromatic hydrocarbons. These chemicals can be based on a single 

benzene ring and this set are called monoaromatic hydrocarbons or can be made of several benzene 

rings and are called Polycyclic aromatic hydrocarbons.. (PAHs). All this set of aromatic compounds is 

widely distributed in the environment (Sudip et al, 2002). Gibson and Subramanian (1984) described 

that the greatest  part of aromatic compounds on the Ecosphere are derived from natural pyrolysis  of  

organic chemicals, although with recent industrialisation and large number of cars a significant 

fraction of PAHs are from anthropogenic origin. The nature of the aromatic compounds is influenced 

by the temperature of pyrolysis.  

 

Although catastrophes such as the sunk of the Prestige oil tanker or the recent oil spill in the 

Golf of Mexico has attracted widely the attention of the public, it should be mentioned that the OCDE 

has warmed its member states of the relevance of aromatic hydrocarbon pollution due to daily 

activities. The OCDE considers this a major problem and urged member sates to put attention in this 

problem and requested measures to deal with these pollutants and their abatement. Problems derived 

from crude oil pollution had another relevant side that comes from the fact that its composition of 

varies from one site to another. Crude oils contain multiple hydrocarbons with sulphur, nitrogen and 

oxygen substituent, the chemical structures can also act as “traps” to capture metal and for this reason 

lead, nickel and molybdenum have been reported to be a relevant contaminant associated to crude oils. 

Non substituted hydrocarbons are represented by aliphatic hydrocarbons, naphthalenes and low and 

high molecular weight polyaromatic hydrocarbons. It should be noted that 17% of aromatic 

compounds has alkyl lateral chains, of up 6 atoms of carbon (Figure 1)., what make them more 

resistant to biodegradation. 

 

In soils monocyclic aromatic hydrocarbons like benzene, toluene, ethylbenzene and xylenes 

are commonly found. These chemicals are among the 50 products with the highest industrial 

production. Aromatic hydrocarbons are used frequently in a many specialized sectors; however, the 

main environmental source is the refining of crude petroleum. Benzene, xylenes, toluene and 

naphthalene are found in paints, glues, paraffin for furniture and many industrial aerosols.  

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1. Biochemical structures of some aromatic compounds. 

 
 

Aromatic hydrocarbons compounds are volatile, what facilitates their dispersion in the 

atmosphere and in the aquatic medium, they are toxic and noxious for humans and animals. Exposure 

to high concentrations of aromatic hydrocarbons damage the central nervous system and prolonged 

exposure at low doses can alter other physical capacities. Because of their toxic, mutagenic and/or 

carcinogenic properties, these compounds are toxic for –microorganisms, plants,animals and humans. 

Aromatic compounds toxicity is related to the log Pow, which is the logarithm of the partition 

coefficient of the compound in a defined mix of octanol-water (Sikkema et al, 1995). Compounds 

having a log Pow below 3, like toluene (Pow 2.69), benzene (Pow 2.13) and styrene (Pow 2.95) are 

extremely toxic because they accumulate in the cytoplasmic membrane and disorganise its structure, 

which results in a loss of ions, metabolites, changes the intercellular pH and electrical potential, 

eventually leading to cell death (De Smet et al, 1978; Sikkema et al, 1995).  

 

Various physicochemical methods have been used to remove toxic aromatic compounds from 

the environment; however, they are rather recalcitrant. Isolation of bacteria able to resist and degrade 

solvents has opened numerous possibilities for the removal of these compounds from the environment. 

In 1908, Stormer was the first to isolate a strain of Bacillus hexacarbovorum able to use toluene and 

xylenes as a carbon source. Because of the constant exposure to aromatic hydrocarbons at low 

concentrations, microbes have evolved numerous pathways for their metabolism, and the 

biodegradation of aromatic chemicals has been integrated by microorganisms into the carbon cycle. In 

addition, a limited number of Gram negative and Gram positive microorganisms have been identified 

as tolerantto these  toxic chemicals and have been the subject of studies aimed to the understanding of 

the mechanisms that allow bacteria to overcame the stress imposed by these compounds (Ramos et al., 

1995; Isken and de Bont, 1996). A number of strategies have been developed to use microbes as mean 

of biological treatments -known as bioremediation- so that microbes with bioremediation potential are 

said that can be prescribed as an “environmental medicine”. 

 

 

 



22..                                            PPsseeuuddoommoonnaass  ppuuttiiddaa  

 
Bacteria of the genus Pseudomonas are widespread in the environment and are represented by 

a large number of species (Moore et al., 2009). Pseudomonas are Gram negative, rod-shaped and are 

motile due to the presence of one or several polar flagella, the number of which varies according to the 

species (Figure 2). The genus Pseudomonas presents wide habitat diversity, for example, the most 

common human pathogen is Pseudomonas aeruginosa and it forms biofilms in the human lung 

(Costerton et al., 1999; Singh et al., 2000), whereas Pseudomonas syringae is an insidious plant 

pathogen (Niepold et al., 1985; Setubal et al., 2005). Plant surfaces are also a preferred environment 

of Pseudomonas fluorescens (Rainey 1999; Preston et al., 2001) and Pseudomonas putida (Lee and 

Cooksey 2000; Ramos-Gonzáles and Ramos, 2005), bacteria of these species, commonly isolated from 

soil, can be often found localised on the surface of plant roots and even on plant leaves.  

 

 

 

 
 
Figure 2. TEM image of Pseudomonas sp. Their 

dimensions range between 0,5 and 1,0 µm x 1,5 to 4,0 

µm. Magnification of the image : x 3,515. 

Photographer: Dennis Kunkel. 

 

 

 

 

 

The capacity of Pseudomonas to adapt and survive in so many different ecological niches can 

be explained by their large genomes, which often exceed 6 Mb. The first sequencing project of 

Pseudomonas genome was completed in 2000 with P. aeruginosa PAO1 strain (Stover et al., 2000); 

this revealed that its size was comparable to that of a simple eukaryote like Saccharomyces cerevisiae. 

The sequencing of the soil bacterium P. putida KT2440 by a German-American consortium (Nelson et 

al., 2002) provided significant new understanding on the ubiquitous location in the environment  of 

this group of bacteria. The genome of P. putida KT2440 consists of a single circular chromosome of 

6,181,863 base pairs, with an average G+C content of 59%, although the G+C range from regions with 

43% to region with 69% G+C. The genome structure allowed to identify gene islands, mobile 

elements, phages and transposons revealing the high capacity that P. putida to acquire new genetic 

information via horizontal gene transfer. 

 

A large number of strains of P. putida have been isolated based on their ability to use biogenic 

and xenobiotic compounds. This makes this species very appealing tool for microbiological and 

biotechnological research, what together with its biochemical characteristics and its ease for genetic 

manipulation has made this species a model microorganism in bioremediation. P. putida is able to 

colonize the root systems of a large number of plants, establishing and persisting in the rizosphere at a 

relatively high cell density (Molina et al., 1998; Ramos et al, 2002). This species is also able to attach 

to plant surfaces and form biofilms which facilitates colonization and confer resistance to biotic and 

abiotic stresses (Yousef-Coronado et al., 2008). 



 

Strains of P. putida are a paradigm of metabolically versatile microorganisms that play a 

relevant role in recycling organic wastes in aerobic and microaerophilic compartments of the 

environment. Its capacity to survive and adapt to hostile environments is due to its ability to degrade 

organic chemicals and xenobiotics. Among the unusual properties of P. putida is that a number of 

strains behave as extremophiles because they are solvent-tolerant, examples are  P. putida DOT-T1E, 

S12, GM1, or MTB6 that have been described as able to grow in the presence of highly toxic solvents 

such as p-xylene , styrene, octanol, and toluene (Aono et al., 1992; Cruden et al., 1992; Isken and de 

Bont, 1996; Kim et al., 1998; Ramos et al., 1995, Weber et al., 1994; Huertas et al., 1998).  

 

In 1995, the laboratory of environmental protection in Granada isolated a strain highly 

resistant to toluene, which was named Pseudomonas putida DOT-T1E. This strain was isolated from a 

sample taken from a waste water treatment plant in Granada. Initial studies showed that when 

exposure of this bacterium to 1% (vol/wt) toluene, the number of viable cells decreased by 4 to 5 order 

of magnitude,  but the set of survivors were able to grow  colonized the polluted niche (Huertas et al, 

1998).  Under these conditions most microbes are non viable and cannot tolerate this kind of sudden 

solvent shock. 

 

 

33..                                                                    MMeecchhaanniissmm  ooff  ssoollvveenntt  ttoolleerraannccee  

                      

GGeenneerraalliittiieess  
Pseudomonas putida and other gram negative bacteria use several mechanisms to resist high 

solvent concentrations. When aromatic compounds are present in the medium, bacteria have to protect 

themselves from the solvents. The first resistance level takes place at the membrane; contact with 

solvents induces membrane alterations leading to strong modifications. This impermeabilization is not 

complete and the solvent that manages to enter the cell provokes an immediate general stress response. 

This stress response involves the induction of several chaperones that refold proteins denatured by 

solvent.  Another efficient mechanism is the removal of the solvent by efflux pumps that extrude the 

compounds using energy. A small amount of the internalised solvent can also be degraded by 

metabolic pathways which allow aromatic compounds to be used as a carbon source (Ramos et al., 

2002).  

Other bacterial functions are indirectly used to overcome solvent toxicity. For example as a 

logical consequence of the higher energetic demands, several research groups have observed 

overexpression of proteins required for energy production (Dominguez-Cuevas et al., 2006; Segura et 

al., 2005; Volkers et al., 2006). One of the most striking examples that have no clear explanation on 

their role in solvent tolerance is that mutants deficient in flagella assembly are solvent sensitive, it has 

been suggested that the flagellar transport system may be parasitized by elements involved in the 

toluene resistance (Segura et al., 2001, Kieboom et al., 2001). 

 

MMeemmbbrraannee  mmooddiiffiiccaattiioonn    
Gram negative membranes are composed of a phospholipid bilayer which is generally 

disturbed by the presence of aromatic compounds leading to a characteristic increase in membrane 

fluidity. Solvent contact with bacterial membranes initiates two different responses: a short-term 

response consisting of a cis-to-trans isomerisation of unsaturated fatty acids and a long-term response 



changing the saturated-to-unsaturated fatty acid ratio (Pinkart et al., 1997) and phospholipids head 

group modifications. 

 

In Pseudomonas, the three main phospholipid head groups are: phosphatidylethanolamine 

(PE), phosphatidylglycerol (PG) and cardiolipin (CL). The ratio of these headgroups changes with the 

growth phase. PG constitutes the most abundant phospholipid in all growth phases, whereas CL 

accumulates in the stationary phase (Ramos et al. 1997; Bernal et al., 2007a). Unsaturated fatty acids 

forming the phospholipid layer of Gram negative bacteria are synthesised with a cis acyl-chain 

configuration by the cell. In P. putida strains, one of the responses to an environmental stress is 

shifting the double bound to the trans configuration through the use of a cis-to-trans isomerase present 

in the periplasm (Heipieper et al., 1992; Junker et al., 1999). Bernal and collaborators (2007b) 

identified the promoters for the cls and cti genes, encoding cadiolipin synthase and cis-to-trans 

isomerase and studied their expression in response to a solvent stress. The cls and cti genes were 

expressed constitutively in P. putida, while a cti mutant exhibited a diminution of membrane rigidity; 

cls mutant had more rigid membranes. Under toluene stress conditions, cls and cls/cti mutants are 

more sensitive than the wild type; probably due to perturbation in the efflux pump transporters system, 

whereas cti mutant showed a survival equivalent to that of the wild type strain (Bernal et al. 2007b). 

Cls and Cti enzymes present a compensatory role in membrane fluidity but at the level of efflux pump 

functioning only the cardiolipins are significant.   

 

Other membrane phenomenon such the formation of cyclopropane fatty acids has been 

proposed to occur in response to environmental stresses (Ramos et al. 1997; Bernal et al., 2007a). 

Cyclopropane fatty acids are the result of a modification of cis unsaturated fatty acids involving the 

addition of a methylene group across the cis double bound of unsaturated fatty acids (Grogan and 

Cronan, 1997; Muñoz-Rojas et al., 2006) (Figure 3). The enzyme catalysing this reaction is the 

cyclopropane synthase that is expressed in the late-exponential and early-stationary phase of bacterial 

growth (Grogan and Cronan, 1997). In the P. putida genome, two putative cyclopropane synthase 

genes, cfaA and cfaB, were found and the one encoded cfaB gene has been proposed to be the main 

cyclopropane synthase in DOT-T1E strain (Pini et al., 2009). Because of the sensitivity of a cfaB 

mutant strain after a toluene shock, cfaB seems involved in organic solvent stress (Pini et al., 2009). 

However, these authors did not report any change in survival when the mutant was compared with the 

wild type after other type of stress (acid shock, temperature shock, antibiotics shocks, etc) (Pini et al., 

2009). 

 

The change of unsaturated fatty acid to cyclopropane fatty acids allows bacteria to counteract 

the increased membrane fluidity caused by solvent alteration. It allows cells to adapt immediately to 

new environmental conditions under which denser membrane packaging is a selective advantage.  

 

 

 

 

 

 

 

 
Figure 3. Reaction catalysed by the cyclopropane synthase. (See for details, Pini et al., 2009). 



 

 

DDeeggrraaddaattiioonn  ppaatthhwwaayyss  

Microorganisms have developed a common strategy to degrade aromatic compounds 

consisting of the incorporation of two hydroxyl groups into the benzenic ring, which destabilizes the 

aromatic ring structure. Currently, 5 different pathways are known that are able to degrade toluene to 

catechols: TOL, TOD, TMO, TOM and the TBU pathway. Three of them are present in Pseudomonas 

strains (TOL, TOD and TMO). P. putida DOT-T1E is able to degrade toluene into Krebs cycle 

intermediates via the TOD pathway. All genes implicated in toluene degradation are present in an 

operon of 10.3 kb (todXFC1C2BADEGIH) (Lau et al., 1997; Mosqueda et al., 1999). Mutants in genes 

of the pathway were as tolerant to solvents as the parental strain, what demonstrated that the 

degradation pathway is not so relevant in the resistance mechanism (Mosqueda et al., 1999). 

 

CChhaappeerroonneess  

Dominguez-Cuevas and collaborators (2006) showed that one major change in response to the 

addition of the aromatic compounds tested was in genes involved in the so-called Heat Shock (HS) 

response. First proteomic analysis, permitted to provide evidence of four stress-related protein or 

chaperones: GroES, Tuf-1, and CspA (Segura et al., 2005). While GroES seems to be related with the 

protein refolding, CspA2 appears to be involved in protein synthesis under toluene stress. A toluene 

shock seems to lead to the synthesis of different chaperones contributing to the stabilization of 

proteins affected by organic solvents, one of them: Tuf-1 could be associated to a periplasmic role. 

Thanks to microarray assays, several news chaperones involved in the HS response were identified 

(Dominguez-Cuevas et al., 2006). The HS response leads to an increase in the level of σ 32, which 

sigma factor needs to be stable to be efficient and which is translated in the transcription of σ32–

dependent promoters (Dominguez-Cuevas et al., 2006). 

 

EEfffflluuxx  ppuummppss  

Efflux pumps are considered the most efficient mechanism of solvent tolerance in Gram 

negative bacteria. This mechanism consists in pumping excess solvent present in the cell (membrane, 

periplasm or cytoplasm) to the outer medium. The first studies demonstrating the importance of efflux 

pumps in solvent tolerance were carried out by Isken and Bont (1996) and Ramos and collaborators 

(1997) with the isolation of mutants of P. putida S12 and DOT-T1E that exhibited impaired 

functioning of efflux pumps. Numerous studies of these new resistance mechanisms were approached 

and several efflux pumps identified; as AcrAB, present in E. coli K12 strain that is able to expulse 

antibiotics and solvents using the same transporter (White et al., 1997; Aono, 1998).  

 

Toluene resistance analysis of 19 Pseudomonas strains has permitted the determination of 3 

different categories of resistance (highly resistant, moderately resistant, and sensitive) (Segura et al., 

2003). P. putida DOT-T1E, P. putida MTB6 and P. putida S12 are part of the group of high toluene 

resistance category; they were able to grow in culture medium with 3% (v/v) solvent in the culture 

medium. Survival rate after a toluene shock 0,3% of  these  Pseudomonas strains showed that 100% of 

P. putida DOT-T1E, P. putida MTB6 and P. putida S12  survived if pre-indiced with low 

concentrations of solvenmts.   Segura and collaborators (YEAR) carried out southern hybridization 

assays and found that the highly resistant strains such as P. putida DOT-T1E or P. putida MTB6, 

contain three efflux pumps: TtgABC, TtgDEF and TtgGHI. On the other hand, other Pseudomonas 



strains classified as moderately resistant (M) included P. putida F1 or sensitive (S) like P. putida 2440 

present in their genome only two or one of this transport systems (Figure 4; Segura et al., 2003). In 

conclusion, these studies of efflux pump systems of P. putida strains allowed the direct correlation of 

high resistance to solvents with the presence of efflux pumps in the bacterial genome (Segura et al., 

2003). 

 

Strains         Tolerance            ttgABC         ttgDEF        ttgGHI 

 

P. putida DOT-T1E  H  +  +  + 

P. putida MTB6  H  +  +  + 
P. putida S12   H  +  -  + 

P. putida F1   M  +  +  - 
P. putida MTB5  M  +  +  - 

P. putida SMO116  M  +  +  - 

P. putida 43   M  +  -  - 

P. putida JLR11  M  +  -  - 

P. putida 2440   S  +  -  - 
P. putida OUS82  S  +  -  - 
Figure 4. Identification of homologous efflux pump genes in different Pseudomonas sp. strains. 

The + symbol indicates the presence of the efflux pump corresponding in the Pseudomonas genome 

whereas the symbol – indicates the absence. H, signify Highly resistant; M, Moderately resistant and 

S, Sensitive. (see for details, Segura et al., 2003).   

 

44..                                                                                                            EEfffflluuxx  ppuummppss  

  

MMDDRR  ssyysstteemmss  

Expulsion of toxic compounds is crucial for bacterial survival. Some organisms, like 

Pseudomonas, have the capacity to resist the presence of multiple antimicrobials using multidrug 

resistance (MDR) efflux systems (Ramos et al., 2002; Paulsen, 2003; Ramos et al., 2010). These 

systems have been the subject of numerous studies because of their importance in bacterial survival, 

and due to the clinical relevance. To date, drug efflux systems can be divided into 5 groups: the major 

facilitator super family (MFS), the ATP-binding cassette (ABC), the small multidrug resistance 

(SMR), the multidrug and toxic-compounds extrusion (MATE) and the resistance/nodulation/cell 

division (RND) (Figure 5). 

 

 

 

 
 

Figure 5. Bacterial drug - and multidrug - efflux 

pumps found in gram positive and negative 
bacteria. (See for details Krulwich et al., 2005). 

 
 

 
 



 
MDR efflux pumps are classified according to the number of components that the pump has 

(single or multiple), the number of transmembrane-spanning regions that the transporter protein has, 

the energy source that the pump uses and, the type of substrate that the pump exports. A single 

organism can express MDR systems from one or more types of efflux pump (Piddock, 2006).  

 

Efflux pumps belonging to the MSF group are found in bacteria, Archaea and eukaryotes. It is 

a large family that consists of secondary transporters driven by chemiosmotic energy and includes 

proton/drug antitransporters. QacA is a multidrug exporter from Staphylococcus aureus, that provides 

resistance to monovalent and divalent cationic, lipophilic or antimicrobial compounds via a proton 

motive force-dependent antiport mechanism (Brown and Skurray, 2001). The qacA gene is on a multi-

resistance plasmid from a clinical isolate of S. aureus and encodes a 514 amino-acid protein with 14 

α-helical segments that traverse the cytoplasmic membrane. A number of highly conserved amino acid 

motifs have been identified within MFS proteins which are likely to be essential for the structure 

and/or function of these transporters (Paulsen et al, 1996). 

 

ABC-type efflux transporters correspond to ATP dependent systems. They have been 

extensively studied due to their homology with the human multidrug resistance P-glycoprotein 

ABCB1 which contributes to multidrug resistance in infectious diseases and cancer therapy. P-

glycoprotein ABCB1 acts by mediating the energy-dependent extrusion of structurally unrelated 

chemotherapeutic agents from the cell. LmrA from Lactococcus lactis represents the most studied P-

glycoprotein ABCB1 homologue, it can functionally substitute ABCB1 in human lung fibroblast and 

exhibits a substrate specificity similar to the human protein. LmrA consists of six putative 

transmembrane segments and a nucleotide binding domain. It functions as a homodimer in which the 

two membrane domains form the solute translocation path across the membrane (Poelarends et al., 

2002). 

 

The SMR family is a proton-driven drug efflux pump only found in prokaryotes. A few of 

these Gram negative multidrug efflux pumps appear to catalyse extrusion across the cytoplasmic 

membrane. SMR systems are defined by small proteins predicted to span the membrane only four 

times; the EmrE protein of E. coli is one of them. The EmrE transporter confers resistance to a wide 

variety of toxic cationic hydrophobic compounds such as ethidium bromide, methyl viologen, 

tetracycline, or tetraphenylphosphonium, as well as other antiseptics and intercalating dyes 

(Yerushalmi et al., 1995). The EmrE protein is one of the smallest transporters known in nature, 

composed of only 110 amino acids; it appears to constitute a functional unit which is a homodimer. In 

2007, elucidation of the high resolution crystal structure of EmrE permitted identification of an 

antiparallel organization within the dimer (Chen et al., 2007). 

 

The MATE group consists of sodium ion-driven drug efflux pumps. NorM from Vibrio 

parahaemolyticus is a member of the MATE family and represents a membrane protein of 456 amino 

acid residues. Several studies using ethidium like drugs permitted the identification of NorM as the 

first Na+/ drug antiporting multidrug efflux pump in the biological world (Morita et al. 2000). 

 

RRNNDD  PPuummppss    

RND family transporters are found only in prokaryotes and catalyse the active efflux of many 

antibiotics, chemotherapeutic agents and solvents. They use a proton-driven efflux system as an 



energy source (Daniels et al., 2009). These systems are widely distributed in Gram negative bacteria 

and thus have to expulse the toxic compound across a double-membrane system. For this reason, 

members of RND family are multicomponent complex often tripartite: an efflux pump that is located 

in the inner membrane, an outer membrane channel and a periplasmic “adaptor” protein. This 

molecular organisation permits bacteria to expulse compounds following two possible pathways: from 

the periplasm to the external medium or from the cytoplasm to the external medium (Nikaido and 

Takatsuka, 2009).  

 

The best studied members of the RND family are represented by the AcrAB/TolC from E. coli 

(Koronakis et al., 2000; Tamura et al., 2005; Lobedanz et al., 2007; Murakami et al., 2002; Tamura et 

al., 2005). Other well study MDR is the  OprM-MexA-MexB efflux system from P. aeruginosa 

(Akama et al., 2004; Higgins et al., 2004). Crystallisation of the outer membrane channel, the adaptor 

protein and the RND pump has permitted the reconstitution of a tripartite structure and allowed a 

better understanding of the functioning and the mechanism. Assembly of the three sub-units of TolC 

allowed to observe they form a continuous/undisrupted channel between the inner and outer 

membranes, which allows the substrates to be expelled (Figure 6). Because most substrates contain a 

sizable hydrophobic domain, it has been suggested that the entry of substrates occurs from the 

cytoplasmic membrane/periplasm interface (Murakami, 2008; Nikaido and Takatsuka, 2009). 

 

 

 

 

 

 

 
Figure 6. Proposed model of the AcrA–AcrB–TolC complex. 

Structures of AcrA (Mikolosko et al., 2006) and TolC (Koronakis 

et al., 2000) are manually docked to AcrB with inspection 

according to engineered cysteine cross-linking study between 

AcrB–TolC (Tamura et al., 2005) AcrA–TolC (Lobedanz et al., 

2007). 

Figure reproduced from Murakami, Structal Biology, 2008. 

 

 

 

 

 

EEfffflluuxx  ppuummppss  iinn  PP..  ppuuttiiddaa  DDOOTT--TT11EE  
Pseudomonas putida DOT-T1E genome consists of a circular chromosome of approximately 6 

Mb and a medium-sized plasmid of about 130 kb (Molina et al., 2010; Segura et al. in preparation). 

This genome encodes 20 RND efflux pumps that can be relevant to tolerance against noxious 

compounds (Segura et al., in preparation). Three efflux pumps belonging to the RND family have 

been identified as the main basis of solvent tolerance in P. putida DOT-T1E (Rojas et al., 2001). 

Survival analysis of P. putida DOT-T1E revealed that these three efflux pumps are directly involved 

in toluene resistance since the corresponding triple mutant is hypersensitive to toluene and is unable 

grow with toluene supplied at low concentrations in the liquid medium (Rojas et al., 2001).  



 

These three RND systems were called Ttg (Toluene tolerance gene): TtgABC, TtgDEF, and 

TtgGHI. TtgGHI was discovered after TtgABC (Ramos et al., 1998; Duque et al., 2001) and TtgDEF 

by Mosqueda and Ramos (2000) and is very similar to TtgABC. These two efflux pumps permit high 

level resistance to several solvents such as toluene, styrene, xylenes, ethylbenzene and propylbenzene; 

whereas TtgDEF is able to expulse only toluene and styrene (Rojas et al., 2001).  

 

It is important to note that the three Ttg efflux pumps are also able to extrude flavonoids and a 

wide range of antibiotics (Terán et al., 2003; 2006, Guazzaroni et al., 2005). The main role of the 

TtgABC appears to be the extrusion of antimicrobial agents and is widely distributed in P. putida 

strains (Segura et al., 2003; Godoy et al., 2010); emphasizing the importance of TtgABC efflux pumps 

role within the solvent-tolerance population. TtgDEF is present only in strains which carry the tod 

pathway for toluene degradation (Mosqueda and Ramos, 2000; Phoenix et al., 2003; Segura et al., 

2003). The presence of TtgGHI only in P. putida strains able to survive at 0.3% (v/v) toluene shock 

permits this efflux pump to be classified as a key factor in high level toluene resistance (Segura et al., 

2003).  

 

The ttgABC and ttgDEF operons are located on the chromosome while ttgGHI is situated on 

the ~130 kb plasmid called pGRT1 (Rodríguez-Herva et al., 2007; Molina et al., 2010). This plasmid 

presents a high stability and is self-transmissible to other P. putida strain, thus constituting a valuable 

tool for biotechnological processes.  

 

 

55..                                    EEfffflluuxx  ppuummppss  rreegguullaattiioonn  

  

GGeenneerraalliittiieess  

Multidrug efflux pumps are often constitutively expressed at low basal level, but the metabolic 

cost of needless protein production suggests that expression of drug transporter genes will be under 

some form of stringent regulatory control. Moreover, excessive expression of these pumps could be 

deleterious, due to a physical disruption of membrane integrity or to an unwanted export of essentials 

metabolites. Efflux pumps are generally subject to regulation at local level, consisting of examples of 

both transcriptional repression and activation by proteins encoded adjacent to that for the transporter 

(Grkovic et al., 2001). Furthermore, some of these transporters have been identified to be regulated 

also by global regulatory system (Grkovic et al. 2001). Most of MDR efflux pumps under the control 

of a transcriptional regulatory protein are proton dependent and are part of the MFS and RND family 

(Grkovic et al. 2001). MDR transporters regulatory proteins are frequently able to recognize the same 

array of drugs that are expulsed by the pumps that they regulate. This capacity to bind a combination 

of a set of drugs, using multiple drug binding sites, provide the pump system with the capacity to 

expulse a large variety of compounds (Tropel and Van der Meer, 2004) 

 

The most recurrent DNA-binding motif for the binding of regulators to their corresponding 

promoters is a conserved DNA recognition motif that consists of an α-helix, a turn, and a second α-

helix (also called HTH motif).  The second helix is known to be the recognition helix involved in the 

direct contact with the DNA target (Pabo and Sauer, 1992). Generally the HTH-DNA contact takes 

place in the major groove of the DNA structure. HTH transcriptional regulators have been classified in 



families following common 3D structural motifs, conserved regions or primary sequences. At least 17 

families of transcriptional regulators have been defined, including some of them using profiles 

developed specifically, such as: MerR family (Hobman, 2007; Molina-Henares et al., 2010), TetR 

family (Ramos et al., 2005), AraC family (Tobes and Ramos, 2002), MarR family (Alekshun et al., 

2001), LysR family (Schell, 1993), or IclR family (Molina-Henares et al., 2006). Below I will provide 

details on some transcriptional regulators members of these families known to control efflux pumps. 

 

RReegguullttiioonn  bbyy  QQaaccRR  ((TTeettRR//CCaammRR  ffaammiillyy))  

QacR is a local transcriptional regulator of the QacA MDR efflux pump system in 

Staphylococcus aureus. The qac locus is located on a plasmid which can be transferred to other 

bacteria to confer resistance to monovalent or bivalent cationic lipophilic antiseptics and disinfectants 

such as quaternary ammonium compounds (Qac). QacR is a protein of 23 kDa that is a member of the 

TetR transcriptional regulator family, repressing QacA transcription by blocking the RNA polymerase 

binding site at the QacA promoter region. QacR is able to bind a wide range of cationic lipophilic 

drugs such as rhodamine 6G, crystal violet or ethidium. Crystal structures of QacR in complex with 

DNA or in complex with 6 different effectors had permitted to understand better its mechanism of 

action (Schumacher et al., 2001 and 2002).  

 

QacR transcriptional regulator binds a 28 pb (IR1) of the promoter region of qacA through its 

HTH domain, making a total of 16 base and 44 phosphate contacts with the recognition helix (α3) on 

the major groove of the DNA. QacR-DNA structure shows a cooperative binding with a dimer of 

dimer, each dimer binds to each side of the DNA, half-part of the 28 pb target, which effectively lock 

the IR1 site into an unwound conformation (Schumacher et al., 2002).  

 

QacR helix α4 through α9 form the drug binding/dimerization domain, in which two amino 

acids, Tyrosine 92 and Tyrosine 93, act as a structural drug surrogates in absence of effectors. In 

presence of drug, QacR ligand pocket adopts a bigger arrangement which is ideal for the 

accommodation of numerous structurally diverse compounds. One drug bound one dimer, so when 

QacR is in complex with the DNA, two molecules of effector are able bound to two QacR dimers.  

This binding leads to a coil-to-helix transition of residues 89-93, which extends helix α5 by a turn. The 

end-result of this structural transition is a rotation of the DNA-binding domain which destabilizes the 

QacR-DNA complex and releases the DNA. Then the RNA polymerase could bind the promoter 

region and start the transcription of the MDR transporter corresponding (Schumacher et al., 2001). 

 

RReegguullaattiioonn  bbyy  aann  IIccllRR  mmeemmbbeerr  ffaammiillyy  

IclR family has been identified in wide range of bacterial and archae genomes. Proteins of this 

family are involved in regulation of diverse catabolic pathways like glyoxylate cycle in 

Enterobacteriaceae (Sunnarborg et al., 1990) or metabolism of aromatic acids in E. coli, Acinetobacter 

or Pseudomonas (DiMarco et al., 1993; Gerischer et al., 1998; Arias-Barrau et al., 2004), but also in 

resistance to toxic compounds (Mosqueda and Ramos 2000; Rojas et al., 2003). 

 

The founding member of this large family is IclR of Esherichia coli; it participates in the 

regulation of the aceBAK operon which encodes enzymes involved in the glyoxylate bypass. This 

bypass permits E. coli to grow on acetate as a sole carbon source, but even when E. coli is grown in a 



rich media, this operon is expressed in order to use acetate accumulated during the exponential phase 

(Kumari et al,. 2000). 

 

Members of the IclR family can be activators, repressors or both; they do not present a clearly 

consensus sequence in their operators. The target sequence varied following the regulator protein, in 

the case of the regulator PobR the operator is composed by a palindrome of 8 base pairs separated by 

one nucleotide (DiMarco et al., 1993; DiMarco and Ornston, 1994); while PcaU presents a sequence 

of three repetitions of 10 base pairs, two inverted repeats and one direct repeat separated from the 

other ones by 10 base pairs (Jerg and Gerischer, 2008). The repressor IclR of E. coli uses two different 

modes of transcription repression on its operator aceBAK (Yamamoto and Ishihama, 2003).  On the 

DNA target, the presence of three IclR boxes permits two modes for the repression of aceB gene. The 

repression mode I use the competition between IclR and RNA polymerase binding to the aceB 

promoter and, the repression mode II utilizes the dissociation by IclR of the open complex formed at 

the same promoter (Yamamoto and Ishihama, 2003). 

 

The resolution of the structure of IclR of Thermotoga maritima (Zhang et al., 2002) permitted 

to define some of the structural characteristic of the IclR family members. The N-terminal part is 

classically represented by a helix-turn-helix DNA binding motif. The N- and C-terminal domains are 

connected by a linker helix, which participates in protein dimerization through the N-terminal domain. 

In the case of IclR of T. maritima the protein conformation is a tetramer but different oligomeric states 

of the IclR family like dimers for the regulator PcaU (Popp et al., 2002) have been described. The C-

terminal domain structure presents significant structural homology with PAS/GAP domains which are 

known to bind small molecules (Pellequer et al., 1998).  

 

The C-terminal crystal structure of AllR (another IclR member) helped to identify the effector 

recognition site, which highlighted the importance of some amino acids forming an hydrophobic patch 

in the effector binding site (Walker et al., 2006). Lorca and collaborators identified two antagonistic 

effectors of IclR of E. coli: glyoxylate and pyruvate, which are able to bind the C-terminal domain in 

the same effector binding site of AllR (Lorca et al., 2007). Glyoxylate binding leads to the inactive 

dimeric state of IclR protein which disturbs the IclR/operator complex, while pyruvate favours the 

DNA binding by stabilizing the tetrameric active form of IclR (Lorca et al., 2007). 

 

RReegguullaattiioonn  ooff  TTttggAABBCC,,  TTttggDDEEFF  aanndd  TTttggGGHHII  eefffflluuxx  ppuummppss  

TtgABC is expressed at a relatively high basal level (Ramos et al., 1998) and, in response to 

the presence of pump substrates in the culture medium increases its level of expression. The 

expression of ttgDEF and ttgGHI operons increased in the presence of solvents in the medium, 

however, ttgDEF has a very low basal level in the absence of its substrate (Duque et al., 2001). The 

genetic organization of these three efflux pumps is similar: genes encoding for each of the pumps are 

grouped in operons and divergently from the operons is a gene encoding the regulatory protein of each 

system (Figure 7). 
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Figure 7. Genetic organization of TtgABC, TtgDEF and TtgGHI efflux pumps in Pseudomonas putida 
DOT-T1E. PR, PA, PT, PD, PV, PG represent each promoter. 

 
 

For example; divergently to the ttgABC genes, is found ttgR, encoding the regulator TtgR, a 

member of the TetR family of transcriptional regulators (Ramos et al., 2005). TtgR modulates ttgABC 

transcription in response to antibiotics, aromatic solvents and plant antimicrobials (Terán et al., 2003; 

2006). This repressor is of great interest due to its capacity to bind a wide range of compounds. 

Several studies of TtgR have permitted the resolution of its crystal structure and an increased 

understanding of its regulatory mechanism (Alguel et al., 2007, Krell et al., 2007, Daniels et al., 

2010). The expression of both ttgDEF and ttgGHI is controlled by TtgT and TtgV, both belonging to 

the IclR family. Regulation of these two efflux pumps appears to be more complex because of the 

capacity to TtgT and TtgV to bind the same promoter regions. TtgW, encoded adjacent to ttgV, does 

not perform a specific role in TtgGHI regulation, since a strain harbouring a knock-out mutation in 

this gene has the same phenotype as the wild type bacteria. It is interesting to notice that TtgR and 

TtgV regulate TtgABC and TtgGHI respectively but they also regulate their own expression via auto-

control. For TtgT, the intergenic region ttgT-ttgD is more extended and presents two independent 

RNA polymerase binding sites. The negative auto-regulation appreciated by TtgR and TtgV, permit 

cells to respond quickly to a solvent stress; saving on important energy wastage in the cell. 

 

 

66..                                                                                                                                                                            TTttggVV  

  

TtgV is a protein of 259 amino acids codified by 780 nucleotides; like the majority of 

Pseudomonas genes, ttgV nucleotide acids sequence present a high content in G+C (Figure 8). 

Bioinformatics studies identified TtgV as a cytoplasmic protein with a high percentage of α-helices.  

 

 

 

 

 



 

 
Figure 8. Nucleotide sequence of ttgV gene. 

 

TTttggVV  iiss  aann  IIccllRR  ffaammiillyy  mmeemmbbeerr  

The TtgV carboxy terminal part contains a helix-turn-helix (HTH) DNA binding domain 

(SMART, PROSITE) (Molina-Henares et al., 2006; Krell et al., 2006) (Figure 9A.). Study of 53 IclR 

members permitted the identification of 3 conserved regions in IclR family members: one comprising 

the HTH DNA binding domain, another including a small part of the amino terminal region and the 

central region, and a third one localized in the C-terminal end (Krell et al., 2006) (Figure 9 B.). The 

most conserved region is from amino acid 151 to the 229 of IclR from E. coli. But in general, 

conserved amino acids are almost extended in all the protein sequence; making us to think that the 

similarity within the IclR family could be associated more with the 3D structure or protein 

conformation that the sequence itself.  
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Figure 9. A, Sequences alignment of several member of the IclR regulator family. B, representation of 

TtgV domains using SMART programme. 

TTttggVV  iiss  aa  ttrraannssccrriippttiioonnaall  rreepprreessssoorr  

TtgV HTH binding domain is able to recognize the ttgV-ttgG intergenic region, including the -

10 and -35 boxes of each promoter. DNaseI footprint assays revealed that TtgV protects four DNA 

helical turns in the PttgG promoter region, corresponding to positions +13 to -29 and causes an hyper-

methylation at the guanine position -14 (Rojas et al., 2003; Guazzaroni et al., 2004) (Figure 10). 

Hyper-methylation of G -14 suggests that TtgV DNA binding leads to a conformational change of the 

DNA situating G -14 in a hyper-reactive position. This result was later confirmed using AFM (Atomic 

Force Microscopy) assays which showed DNA torsion of 57° as a result of TtgV binding to a 716 bp 

DNA fragment representing the ttgV-ttgG intergenic region (Guazzaroni et al., 2007).  

 

TtgV binding prevents RNA polymerase access to the promoter region through physical 

competition which circumvents ttgGHI and ttgV gene transcription (Guazzaroni et al., 2004). This is 

the most commonly used mechanism in repression systems and has been studied in detail in several 

other systems (Rojo et al., 2001; Teràn et al., 2003; Yamamoto and Ishihama, 2003, Molina-Henares 

et al., 2006). In vivo assays permitted the observation that in the presence of aromatic compounds in 

the culture medium, the ttgG promoter increases its activity, especially with 4-nitrotoluene and 1-

naphthol (Guazzaroni et al., 2005). These data indicated that binding of effectors to TtgV might 

induce a conformational change of the repressor which eventually leads to its release from the target 

DNA. RNA polymerase is then free to bind ttgG-ttgV promoter region and initiate ttgG and ttgV 

expression. 

 

 
 

Figure 10. Identification of the TtgV operator in the ttgG-ttgV intergenic 
region by DNase I footprinting. PCR fragments comprising the ttgG-ttgV 

intergenic region were labeled at one 5′ end and incubated without (−) or with 

a 1 or 3 µM concentration of purified TtgV before being subjected to DNaseI 

digestion and electrophoresis. The regions protected from DNase I digestion by 

TtgV are shown in brackets; asterisks indicate hyperactive sites. (See for 

details Rojas et al., 2003) 

 

 

 

 



It has been shown that the TtgV effector binding domain is able to bind an extensive range of 

mono and bi-aromatic compounds; such as, toluene, xylenes, benzonitrile, indole, and naphthalenes 

(Guazzaroni et al., 2004 and 2005). In vitro (calorimetric) and in vivo (β-galactosidase) data permitted 

to establish that the efficiency of TtgGHI pump repression is directly correlated with the effector 

binding affinity. Affinity constants (KD) for TtgV and various effectors was measured using isothermal 

titration calorimetry (ITC); in general, the effectors tested bind TtgV with a high affinity (µM range). 

The ITC analysis also suggested that two molecules of effector bind to a tetramer of TtgV (Guazzaroni 

et al., 2005).  

 

In order to better understand effector binding Guazzaroni and colleagues studied TtgV effector 

binding using a three-dimensional model (Guazzaroni et al., 2007a) (Figure 11). In the case of several 

structurally elucidated MDR regulators, it was observed that effectors enter inside a deep pocket where 

they can establish van der Waals interactions with hydrophobic amino acids. The TtgV amino acids 

involved in effector binding were later identified and corroborated via the construction of mutants 

located in the hypothetical binding pocket. Different amino acids were identified as potentially 

involved in the binding depending on the nature of the effector. Mutations in the binding pocket 

showed an increased affinity for bi-aromatic compounds but a defect in mono-aromatic compound 

binding. Several mutants were constructed but the most relevant were F134A and H200A: they appear 

to have a key role in the effector binding. Further, DNA-protein ITC studies demonstrated that release 

of DNA from TtgV is more efficient with a bi-aromatic compound than a monocyclic one. One of the 

binding pocket mutants, V223A, did notexhibit any deffect in effector binding but curiously, it 

presented a deficiency release of the DNA, suggesting that this amino acid is part of TtgV signalling 

pathway between the two domains (effector binding and DNA binding). 

 
Figure 

11. 

Three 

dimensional model of the effector binding domain of TtgV. A, a surface plot colored according to 

electrostatic potential. B, ribbon representation of the model, annotated to show secondary structure elements (H 

for helix, S for strand) and the mutated amino acids. (See for details Guazzaroni et al., 2007a) 

 

Studies of the oligomeric state of TtgV by ultracentrifugation showed that TtgV is a tetramer 

in solution with or without 1-naphthol (Guazzaroni et al., 2007). The data led to the hypothesis that 

TtgV binds the DNA target as a tetramer and upon binding of two molecules of effectors is released 

from the target DNA. Guazzaroni and colleagues proposed the model shown below to explain the 

mechanism of TtgV repression (Figure 12). While more recent studies have permitted a better 



understanding of the TtgV mechanism and its role in P. putida DOT-T1E, we would like to explore 

some aspects still unknown in TtgV protein and other IclR family member. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 12. Representation of TtgV functional mechanism. A, TtgV in solution is a tetramer. B, in absence of 

effector in the medium, TtgV binds its operator sequence and curves the DNA C, in presence of effector in the 

medium, each dimer of TtgV bindone molecule of effector within the ligand binding domain of TtgV. Binding of 

effector leads the releasing of the DNA target. D, The promoter region is now available for the RNA polymerase 

binding. (Figure reproduced from the Dr Guazzaroni’s PhD). 



 

 

The transcriptional regulator TtgV has been the subject of several studies in our laboratory in 

the last few years. The characterization of its binding to its target DNA, its repression of transcription 

and its binding to several aromatic compounds with the concomitant release from operators have 

helped us to understand better why this protein is a key in solvent tolerance of Pseudomonas putida.  

When I joined the group, interest was on getting inside the physiologic role of TtgV, 

identification of the binding mode to the DNA target and establishment of the 3D structure of the 

regulator as a mean to have a model in hands for further exploration of intercommunication of the 

domain of this repressor. Along these lines, my objectives established were:  

 

 

To study the role of TtgV as the major regulator in the toluene resistance in 

Pseudomonas putida  

- Unveiling of the binding of TtgV to the promoters of the ttgDEF and ttgGHI 

operons 

- Physiological relevance of TtgV in the cells exposed to toluene  

 

Details on the binding of TtgV on its two sequences operators 

- Construction of alanine mutants in the recognition helix 

- Biochemical characterization of the interaction of TtgV wild type and its variants 

mutants to target operators 

 

Resolution of the TtgV crystal structure free in solution and in complex with its 

ttgGHI operator 

 

  Understanding of the inter-domain communication in TtgV regulator 

- Construction of a set of mutants into the α-helix linker of the two TtgV domains 

- Biophysical studies of the different TtgV mutants 

 

 

 



 
 
 
 
 

RReessuullttss  
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                                                                                                                                                                                                    AAbbssttrraacctt  

 

Complexité dans le contrôle de pompe d’efflux : régulation croisée entre les paralogues 

TtgV et TtgT 
 

Pseudomonas putida DOT-T1E, connues pour sa haute tolérance aux solvants, est 

pourvues de trois pompes d’efflux de type RND (Nodulation-Cell Division), nommées TtgABC, 

TtgDEF, TtgGHI et impliquées dans l’extrusion active de solvants. Il a était démontré 

précédemment que l’expression des opérons ttgABC et ttgGHI est régulé par deux répresseurs 

codifiés de manière adjacente, respectivement ttgR et ttgV. Situé à côté de la troisième pompe 

d’efflux ttgDEF se trouve le régulateur putatif ttgT. Dans ce travail, il est démontré que TtgT 

s’unie à la région promotrice de l’opéron ttgDEF et libère l’ADN correspondant, en présence de 

solvants organiques. Des études in vitro, ont révélé que TtgV et TtgT ont la capacité de s’unir au 

même site opérateur des deux promoteurs ttgDEF et ttgGHI. Malgré tout, l’affinitité de TtgV 

pour l’opérateur ttgDEF est plus grande que celle de TtgT, ce qui, ajouté au fait que le promoteur 

de TtgV semble être deux fois plus fort que celui de TtgT, explique pourquoi TtgV prend une 

telle importance dans la régulation des deux pompes d’efflux TtgDEF et TtgGHI. Le 

remplacement fonctionnel du régulateur TtgT, codifié par le chromosome, par son paralogue 

TtgV, codifié par un plasmide, illustre un nouveau mode de régulation de pompe d’efflux dont la 

relevance physiologique est discutée. 

 

 

Complexidad en el control de bomba de eflujo : regulación cruzada entre los paralogos 

TtgV y TtgT 
 

Pseudomonas putida DOT-T1E, conocida por su alta resistencia a solventes orgánicos, 

posee tres bombas de eflujo de tipo RND (Nodulation-Cell Division) llamadas TtgABC, TtgDEF 

y TtgGHI e implicadas en la extrusión activa de compuestos aromáticos. Anteriormente se había 

demostrado que la expresión de los operones ttgABC y ttgGHI está regulada por dos represores 

codificados de manera adyacente, respectivamente ttgR y ttgV. Localizado al lado de la tercera 

bomba de eflujo ttgDEF, se encuentra el gen regulador ttgT. En este trabajo, demostramos que 

TtgT se une a la región promotora del operon ttgDEF y se libera del ADN correspondiente, en 

presencia de disolventes orgánicos. Estudios in vitro, han revelado que TtgV y TtgT tienen la 

capacidad de unirse al mismo sitio operador de los dos promotores ttgDEF y ttgGHI. Sin 

embargo, la afinidad de TtgV para su operador en ttgDEF es mayor que la de TtgT, lo que, 

además del hecho que el promotor de TtgV parece ser dos veces mas fuerte que el de TtgT, 

explicaría porque TtgV tiene una tal importancia en la regulación de las bombas de eflujo 

TtgDEF y TtgGHI. El reemplazamiento funcional del regulador TtgT, codificado en el 

cromosoma, por su parálogo TtgV, codificado por un plásmido, ilustra un nuevo modo de 

regulación de bombas de eflujo cuya la relevancia fisiologica se discute en este capitulo. 
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                                                                                                                                                                                                    AAbbssttrraacctt  

  
TtgV réprime deux promoteurs distincts en reconnaissant différentes séquences 

 
In vivo, l’expression des opérons des pompes d’efflux ttgDEF et ttgGHI est 

principalement modulée par le répresseur TtgV. TtgV est un régulateur capable de 

reconnaître de nombreuses drogues et qui présente un domaine d’union à l’ADN dotée d’une 

longue hélice d’interaction comprises entre les résidus 47 et 64. Chez Pseudomonas putida, 

le modèle d’expression de ces deux pompes est distinct : en absence d’effecteurs, le 

promoteur du gène ttgD est silencieux, alors que le gène ttgG est exprimé à un haut niveau 

basal. Ce qui concorde avec le fait que TtgV présente meilleure affinité pour l’opérateur ttgD 

(KD = 10 ± 1nM) que pour celui de ttgG (KD = 19 ± 1nM). Des analyses séquentielles ont 

révélées que ces deux opérateurs sont identiques à 40% , de plus, des analyses 

mutationnelles, combinées à des essais de retard en gel (EMSA) et expression in vivo, 

suggère que TtgV reconnaît  une séquence répétée inversée avec un grand degrés de 

palindromicité autour de l’axe central. Nous avons généré une collection de mutants du 

résidu 47 au résidu 64 de TtgV, en substituant chaque acide aminé par une alanine. Le 

résultat de l’extensive combinaison entre les mutants des deux promoteurs et les mutants de 

substitution alanine ont révélé que TtgV module l’expression des promoteurs ttgD et ttgG à 

travers des deux : communes ou différentes, séquences des deux promoteurs. Dans cette 

même optique, nous avons démontré que les mutants de substitution des résidus 48, 50, 53, 

54, 60 et 61 présentent un défaut d’union à ttgG mais sont capables de reconnaître 

l’opérateur ttgD. Les acides aminés R47, R52, L57 et T49 sont critiques pour l’union de 

TtgV à ses deux operateurs. En se basant sur un modèle tridimensionnel nous proposons, 

comme modèle d’union de TtgV, que ces résidus contactent avec les nucléotides situés au 

sein du sillon majeur de la double hélice de l’ADN. 

 

 

TtgV reprime dos promotores distintos reconociendo secuencias distintas 
 

In vivo, la expresion de los operones de las bombas de eflujo ttgDEF y ttgGHI está 

modulada fundamentalmente por el represor TtgV. TtgV es un regulador capaz de reconocer 

numerosas drogas y que dispone de un dominio de unión al ADN dotado de una helice de 

interacción entre los residuos 47 y 64. En Pseudomonas putida, el modelo de expresión de 

estas dos bombas es distincto: en ausencia de efector, el promotor del gen ttgD es silencioso, 

mientras que el del gen ttgG se expresa con un nivel basal alto. Lo que concuerda con el 

hecho que TtgV tiene mejor afinidad para el operador ttgD (KD = 10 ± 1nM) que para el de 

ttgG (KD = 19 ± 1nM). Análisis de secuencias han revelado que estos dos operadores son 

identicos en un 40%, además, análisis mutacionales, combinados con ensayos de retardo en 

gel (EMSA) y de expresion in vivo, suggiera que TtgV reconoce una secuencia repetida 

invertida con un alto grado de palindromicidad alrededor del eje central. Hemos generado 
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una coleccion de mutantes del residuo 47 hasta el 64 de TtgV, substituyendo cada amino 

acido por una alanina. El resultado de la amplia combinación entre mutantes de los dos 

promotores y mutantes de subtitución alanina ha revelado que TtgV modula la expresión de 

los promotores ttgD y ttgG mediante secuencias: comunes y differentes, en ambos 

promotores. En esta misma óptica, hemos demostrado que los mutantes de substitución de 

los residuos 48, 50, 53, 54, 60 y 61 presentan un defecto de unión en el operador ttgG pero 

son capazes de unirse a el de ttgD. Los aminoácidos R47, R52, L57 y T49 son críticos para 

la unión de TtgV a sus operadores. Basándonos en un modelo tridimensional hemos 

propuesto que estos residuos contactan con los nucleotidos situados en el surco mayor de la 

doble hélice del ADN. 
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                                                                                                                                                                            AAbbssttrraacctt  

 

La structure du Crystal du tétramère TtgV en complexe avec l’ADN révèle un nouveau 
mécanisme de coopérativité et d’induction. 

 
La majorité des régulateurs de gène bactérien s’unissent comme un dimère 

symétrique à ses séquences cibles généralement formées d’une séquence d’ADN 

palindromique de 12-20 paires de bases. Afin de reconnaître de longues séquences 

opératrices ou deux sites d’union séparés, il est commun que les protéines adoptent une 

conformation multimérique. Certains régulateurs de gène bactérien utilisent la conformation 

tétramérique pour reconnaître de manière coopérative deux sites opérateurs. Un mécanisme 

qui précisément restait incompris. Nous présentons dans cet article la structure complète du 

Crystal de la protéine d’union à de multiples drogues TtgV, un répresseur qui contrôle 

l’expression de pompes d’efflux, seule en solution et en complexe avec son ADN cible de 42 

paires de bases. TtgV s’unit à son ADN opérateur sous forme de tétramère avec un nouvel 

arrangement de ses domaines sur l’ADN. Cet arrangement partage des similarités avec le 

modèle proposé du répresseur du bactériophage Lambda, ce qui suppose la présence d’un 

mode d’union commun pour les autres régulateurs de gène de conformation tétramèrique. 

Les structures révèlent un mécanisme d’activation unique qui implique un drastique 

réarrangement conformationel  au niveau monomérique, dimérique et tétramérique. 

 

 

  

La estructura del crytal del tetramero TtgV en complejo con ADN revela un nouveau 

mecanismo de cooperatividad y de inducción. 
 

La mayoría de los reguladores de genes bacterianos se unen como dimeros a sus 

secuencias dianas que suelen ser ADN palidromicos de 12 a 20 pares de bases. Con el fin de 

reconocer secuencias operadoras largas o dos sitios de unión separados, es común de 

encontrar reguladores que presentan una conformación multimérica. Algunos regulatores de 

genes bacterianos solo adoptan la conformación tetramérica para reconocer de manera 

cooperativa dos operadores. De hecho, la forma en que eso sucede permanece sin desvelar. 

Presentamos en este articulo, la estructura completa del cristal de TtgV, el represor que 

controla la expresión de bombas de eflujo TtgGHI y TtgDEF, tanto en solución y en 

complejo con su ADN diana de 42 pares de bases. TtgV se une a su ADN operador de 

manera tetamerica con un nuevo rearreglo de sus dominios sobre el ADN. Este rearreglo 

comparte similaridades con el modelo propuesto del represor del bacteriofago Lambda, lo 

que supone la presencia de un modo de unión común con otros reguladores tetraméricos. Las 

estructuras revelan un mecanismo de activación único que implica un rearreglo 

conformacional drástico al nivel monomérico, dimérico y tetramérico. 
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The majority of bacterial gene 
regulators bind as symmetric dimers to 
palindromic DNA operators of 12-20 base 
pairs. Multimeric forms of proteins, 
including tetramers, are able to recognize 
longer operator sequences in a cooperative 
manner, although how this is achieved is not 
well understood due to the lack of complete 
structural information. Here we present the 
crystal structures of the multidrug binding 
protein TtgV, a repressor that controls 
efflux pumps, alone and in complex with a 
42 bp intact DNA operator. TtgV binds to 
its DNA operator as a tetramer and induces 
considerable distortions in the DNA. Upon 
binding to its operator, TtgV undergoes 
large conformational changes at the 
monomeric, dimeric and tetrameric levels. 
The structures here provide a 
reinterpretation of previous models for 
tetrameric gene regulators, that were 
derived from domain structures and/or 
incomplete DNA operator sequences, and 
provide mechanistic insights into how 
tetrameric gene regulators bind to DNA 
cooperatively. 

 
Bacterial gene regulators are model 

systems to study protein-DNA and protein-
ligand interactions as well as principles of gene 
regulation. The majority of bacterial gene 
regulators bind as symmetric dimers to 
palindromic DNA operators in the range of   
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12-20 base pairs, often acting by altering the 
access of RNA polymerase, in either a 
positive or negative fashion (Browning and 
Busby, 2004).These specialized gene 
regulators, such as the Trp repressor and the 
CAP activator, bind to highly conserved 
DNA operator sequences with high affinity 
through specific interactions between the 
protein and DNA. However, some global 
regulators bind to a wider range of less 
conserved DNA sequences and more 
complex regulatory systems have evolved to 
ensure binding specificity. One strategy is to 
recognize a longer region of DNA using 
multiple less conserved recognition sites and 
with reduced specificity within each 
individual site. The larger interaction surface 
between the protein and DNA compensates 
for the relatively weak interactions at a 
single interaction site. A large number of 
bacterial gene regulators adopt this strategy 
and use tetramers to recognize two DNA 
sites. Some of the best-studied examples 
include the Lac repressor (LacI or LacR), the 
lambda repressor (λI), members of the LysR 
family and a few members of the TetR and 
IclR regulator families (Lewis et al., 1996; 
Molina-Henares et al., 2006; Monferrer et 
al.; Schumacher et al., 2001; Stayrook et al., 
2008). Although this mode of recognition is 
widespread, there is no structural 
information on a tetrameric protein bound to 
a continuous DNA operator containing two 
or more binding sites, which has hindered 
our understanding of cooperative binding by 
tetrameric gene regulators and the 
mechanism of their activation. However, 
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tetrameric models of protein/DNA 
complexes have been proposed based on 
partial domain structures and incomplete 
DNA sequences. One such example is the 
tetrameric LacI/DNA complex determined at 
4.8 Å resolution, that consists of two dimers 
of LacI, each bound to a separate 21 bp DNA 
duplex (Lewis et al., 1996). A model for the 
tetrameric λI/DNA complex was extrapolated 
from a DNA complex structure of a λI dimer 
and the tetramer structure of its C-terminal 
domain (CTD) alone (Stayrook et al., 2008).  
The dimer DNA complex was obtained from 
a mutant form of λI deficient in tetramer 
formation in complex with a 17 bp DNA 
duplex. These structures provided insights 
into how a tetrameric gene regulator can 
bind to two sites. However, in both cases, a 
single DNA site was used instead of two 
continuous DNA sites and consequently the 
incomplete structural information required 
some filling in of the gaps to create plausible 
models (Lewis et al., 1996; Stayrook et al., 
2008).  

Cooperativity is observed widely in 
biological systems that involve protein 
oligomers. The general model for 
cooperativity in ligand binding proposes that 
two distinct functional states (Tense (T-
state) or Relaxed (R-state)) exist in 
equilibrium. These two states differ in their 
energies and affinities for the ligand. The T-
state is more stable but incompetent in 
ligand binding. The R-state, on the other 
hand, is less stable but has higher affinity for 
the ligand. In the absence of the ligand, the 
protein predominately exists in the more 
stable T-state. However, upon ligand 
binding, the favorable binding energy 
between the protein and the ligand can offset 
the higher energy cost of the R-state, 
switching the protein to the R-state. When 
the energy difference between the R and the 
T-state is sufficiently large, multiple 
cooperative binding events are required to 
overcome the energy barrier. Under this 
circumstance, ligand binding to one subunit 
within the protein oligomer causes 
conformational changes that promote further 
binding. The larger the energy difference is 

between the T and the R-states, the higher 
the cooperativity is.   

 Pseudomonas putida DOT-T1E can 
grow in the presence of high concentrations 
of a wide variety of organic solvents and 
thrives in mixtures of organic solvent:water 
as high as 99:1 (Ramos et al., 1998; Ramos 
et al., 1995). The most important adaptation 
to permit this unusual property is the 
extrusion of the toxic compounds to the 
outer medium, an energy-dependent process 
that is mediated by a set of efflux pumps 
(reviewed by Ramos et al., 2002). The 
pumps involved in solvent extrusion are 
TtgGHI and TtgDEF that exhibit a wide 
range of substrate specificities and belong to 
the RND family of efflux transporters. The 
expression of ttgGHI and ttgDEF is 
regulated by the TtgV repressor (Teran et 
al., 2007), which belongs to the IclR family 
of regulators (Krell et al., 2006; Molina-
Henares et al., 2006) and recognizes a large 
number of effector compounds that contain 
one or two aromatic rings (Guazzaroni et al., 
2005). Effector binding releases TtgV from 
its operator DNA and results in an increased 
expression of ttgDEG and ttgGHI. The most 
efficient effectors in vivo are two-ringed 
aromatic compounds, such as 1-naphthol and 
indole, or one-ringed compounds such as 4-
nitrotoluene and benzonitrile (Guazzaroni et 
al., 2005).  

Analytical ultracentrifugation and DNA 
footprinting assays revealed that TtgV is a 
tetramer that protects a 42 bp long DNA 
sequence covering the -10 to -35 region of 
the ttgG promoter (Fillet et al., 2009; 
Guazzaroni et al., 2004; Rojas et al., 2003). 
In order to understand the mechanism by 
which TtgV binds to its long DNA operator 
and the mechanism of induction by 
effectors, we determined the crystal 
structures of full length TtgV alone and in a 
complex with its cognate 42 bp DNA 
operator. The structures reveal that TtgV 
binds to its DNA operator as a dimer of 
dimers with asymmetric dimer and tetramer 
interfaces. The binding of TtgV induces a 
significant distortion of the DNA that 
includes an overall 60o bend in the DNA. To 
date, models of tetrameric regulators 
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assembled on complete operator sequences 
have been constructed from partial 
structures using shorter DNA sequences 
containing a single recognition site and/or 
truncated protein domains. Our full length 
TtgV in complex with an intact DNA 
operator shows that binding to two 
continuous DNA sites imposes significant 
constraints on the tetramer, resulting in very 
different quaternary structures in the 
presence and absence of DNA. These 
structures allow us to propose a general 
model for cooperative binding of tetrameric 
gene regulators. 
 
Results 
Crystal Structure of the apo TtgV tetramer  

TtgV is a tetramer in solution 
(Guazzaroni et al., 2007b) and was 
crystallized in space group C2 with one 
dimer in an asymmetric unit. The dimer has 
a two-fold symmetry and two dimers are 
related by a crystallographic two-fold axis to 
form a compact symmetric tetramer (Figure 
1). The TtgV monomer consists of a N-
terminal domain which belongs to a 
subgroup of the Helix-Turn-Helix family 
that contains a Winged Helix (WH) motif 
responsible for DNA binding (Gajiwala and 
Burley, 2000) (hence termed DNA-Binding 
Domain). The protein also has a linker helix, 
and a C-Terminal Domain (CTD) that 
harbours the effector binding site 
(Guazzaroni et al., 2007a; Guazzaroni et al., 
2005) Figure 1A). The WH motif contains 
three a-helices (α1-α3) followed by two β-
strands (β1- β2). The linker helix (α4) is 
continuous with the first helix in the CTD (α 
5) (Figure 1A), forming a long curved helix. 
The CTD consists of a twisted, six-stranded, 
anti-parallel β-sheet sandwiched by two 
helices on one side and a three-helix bundle 
on the other. Based on structural and 
mutagenesis data, a hydrophobic pocket on 
the surface of the β-sheet is proposed to be 
the effector binding site (Figure 1B, white 
ball and stick, (Guazzaroni et al., 2005; 
Walker et al., 2006). Importantly, there are 
very few interactions between the CTD and 
the DBD within the same monomer (Figure 
1).  

The CTDs between different monomers 
interact with one another and form a 
symmetric diamond shape (Figure 1B). The 
CTD tetramer is in the same plane of the 
DBDs and the tetramer is relatively flat 
(Figure 1B). Within the tetramer, two 
distinct dimer interfaces exist (Figure 1B). 
One dimer is stabilised mainly through 
interactions between the DBDs, which we 
term this the cis-dimer (Figure 1B, blue 
ellipse). The other dimer is formed between 
the α5 and α9 and we term this the trans-
dimer (Figure 1B, orange ellipse). The cis-
dimer has an extensive 2197 Å2 buried 
surface per monomer while the trans-dimer 
has an interface of ~550 Å2 per monomer.  
The cis-dimer is more compact with 
significant interactions between the DBDs 
while the DBDs of a trans-dimer are located 
100 Å apart. In this configuration, TtgV 
must undergo conformational changes in 
order to bind to the two sites within the 
operator. 
 
Structure of the TtgV/DNA complex 

In order to understand how a TtgV binds 
to its operator sequence cooperatively, we 
determined the crystal structure of the full 
length TtgV tetramer bound to its cognate 
42 bp ttgG operator. The complex was 
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crystallised in space group P65 with a 
complete tetramer/DNA complex in the 
asymmetric unit. TtgV binds to the DNA as 
a dimer of dimers, each bound to non-
overlapping sites on the same face of the 
DNA duplex (Figure 2A). Two pairs of 
DBDs bind to a highly deformed DNA 
operator while the CTDs contact one another 
above forming an asymmetric diamond 
shape (Figure 2A). The tetramer contains 
two distinct layers of structures, one formed 
by the CTDs and the other by the DBDs 
(Figure 2A). 

Within each cis-dimer (Figure 2, red and 
orange pair, blue and cyan pair), the CTDs 
are asymmetric in relationship to their 
DBDs.  The asymmetry in cis-dimers is due 
to the differences in the linker helix between 
the DBD and the CTD (Figure 2B), with one 
of the linker helices adopting a bent 
conformation (Figure 2B, blue) and the 
other partially unwound (Figure 2B, green). 
The two cis-dimers interact through their 
CTDs to form a skewed diamond shape in 
the tetramer (Figure 2C). The trans-dimer 
interface is the same in the structure of both 
the apo and the TtgV/DNA complex 
involving the anti-parallel β sheet (β5) and 
helix α9 (Figure 1B, Figure 2C, 2D). 
However, there are additional hydrogen 
bonding interactions between the diagonal 

CTDs (Figure 2E, red and cyan) near the 
CTD tetramer centre, through residues 134-
136, adjacent to β5.  
 

Comparisons between TtgV apo and 

TtgV/DNA structures 
Comparison of the tetrameric structures 

of TtgV and TtgV/DNA reveals large 
conformational rearrangements at the 
monomeric, dimeric and tetrameric levels. 
At the monomeric level, the DBD and CTD 
have the same structure but the protomers 
differ in the linker between the domains. 
The linker between the DBD and CTD (α4) 
forms a continuous helix with α5 in the 
TtgV apo structure. However, in the 
TtgV/DNA complex, the protomers adopt 
two different conformations. In the 
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protomers whose DBDs are located closer to 
the operator centre (termed the proximal 
protomers), the linker helix is bent relative 
to α5 at residue Q86. In the protomers 
whose DBDs are outermost on the DNA 
operator (termed the distal protomers), the 
linker helix is partially unwound between 
L81 and A85 (Figure 3A). The 
consequences of these changes in the linker 
conformation are the dramatically different 
orientations of the DBD in relation to the 
CTD. In the TtgV apo structure, the DBD is 
located below the CTD (Figure 3A, left 
panel). In the TtgV/DNA proximal 
protomer, the DBD is positioned to the left 
of the CTD (Figure 3A). In the TtgV/DNA 
distal protomer, the unwound a4 and 
consequently, the DBD, stretches over to the 
other side of the CTD compared to the 
proximal protomer (Figure 3A, right).  

The cis-dimer in the apo TtgV structure 
has a two-fold symmetry and a larger buried 
interface of ~4400 Å2 than the cis-dimer in 
the TtgV/DNA structure, which is highly 
asymmetric and has a buried interface of 
~3400 Å2 (Figure 1B, 2C). In both 
structures, the cis-DBDs have a similar 
arrangement (Figure 3B, ellipse, rmsd of cis-
DBD dimers is 1.29Å). However, there are 
few interactions between cis-CTDs and the 
relative orientations of the CTDs differ in 
the two structures. This suggests that the cis-
DBDs move as a unit while the cis-CTDs 
move independently. Within the trans-

dimer, the CTDs maintain a similar 
arrangement in both structures (Figure 3C, 
ellipse). We can, therefore, regard the trans-
CTDs as a separate unit. This creates 
significant restrictions on the conformations 
within the tetramer, consisting of four rigid 
body units: two cis-DBD units and two 
trans-CTD units that are able to move 
independent of one another (Figure 3D, 3F, 
ellipses).  

The transition from the symmetric apo 
TtgV structure to the asymmetric 
TtgV/DNA structure involves a ~ 40 Å 
sliding and ~ 60o rotation of the two trans-
CTD units (Figure 3F, 3G). The two cis-
DBD units, which are 1800 and 100 Å apart 
from each other in the apo TtgV structure, 
rotate downwards and adopt a configuration 
capable of binding to both sites in the DNA 
operator (Figure 3D, 3E). Furthermore, 
although the cis-DBDs are similar in both 
structures, there are some small but 
significant differences (Figure 3B). In the 
TtgV apo structure, the distance between the 
a2 helices and the wings in the WH motifs 
within each cis-DBD unit is 2-3 Å wider 
than that of TtgV/DNA structure, implying 
that TtgV undergoes local conformational 
changes upon binding to the DNA.  

The CTD tetramer in the DNA complex 
structure has a larger interaction surface 
(~2700 Å2) compared to that of TtgV alone 
(~2200 Å2) due to the additional interactions 
between the diagonal promoters, implying 
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that within isolated CTDs, the asymmetric 
CTD tetramer is more stable than the 
symmetric CTD tetramer. However, 
although the symmetric CTD in the apo 
TtgV structure has a smaller interface than 
the asymmetric CTD in the TtgV/DNA 
structure, there is a larger interface between 
the DBDs, a4 and the CTDs within a cis-
dimer because the DBDs are now 
constrained in the apo TtgV. Consequently, 
the full length TtgV apo tetramer assembly 
is more stable with a total buried surface of 
~11000 Å2 compared to ~9500 Å2 in the 
TtgV/DNA structure. 

 
DNA interactions and distortion 

The interactions between TtgV and 
DNA induce both conformational changes in 
the protein tetramer and significant 
distortions in the DNA. The extensive 
interactions between TtgV and DNA induce 
significant distortions in the DNA operator, 
with widened major grooves where the 
recognition helices are inserted (Figure 2, 
Figure 4, see also Figure S2, Figure S4). 
Overall, the central axis for the DNA double 
helix is W shaped, with inward bends at the 
narrowed minor grooves (~ 40o) that are A/T 
rich while an outward kink at the widened 
minor groove with a G/C pair in the middle 
of the operator, reducing the inward bend 
over the entire operator to 60o (Figure 2A, 
Figure 4B). This is consistent with 
observations in nucleosomes (Drew and 
Travers, 1985) where, in A/T rich 
sequences, the minor grooves face inwards 
towards the centre of the curvature while, in 
G/C rich sequences, the minor grooves of 
G/C pairs face outwards. The Widening of 
major and minor grooves is also observed 
when WH proteins such as Orc bind to DNA 
(Gaudier et al., 2007).  

The structure allows us to define 
pseudo-palindromic sites within the operator 
(Figure 4A, (Guazzaroni et al., 2007b). The 
two sites span the entire DNA operator with 
a one base pair spacer in the middle. The 
recognition sites in the DNA major grooves 
are centred at positions –24, -14, -4 and +7 
in the ttgGHI operator (Figure 4A, red 
bases) relative to the transcription starting 

site of ttgG. Each major groove site spans a 
five base pair region (Figure 4A, arrows). 
There are further contacts with one or two 
flanking phosphate groups on the 5’ end of 
both DNA strands (Figure 4A, blue bases). 
The upstream recognition site has higher 
palindromic symmetry (defined by the 
arrows) compared to the downstream 
recognition site. Previous biochemical 
studies have found that guanines at positions 
–27, -15, +6 on the top strand and –23, -11, -
4, -3, +10 on the bottom strand are protected 
from DMS methylation upon TtgV binding 
(Fillet et al., 2009; Guazzaroni et al., 2007a; 
Guazzaroni et al., 2004). Strikingly, five out 
of the eight bases make direct hydrogen 
bonds with TtgV in our TtgV/DNA structure 
(Figure 4A, underlined red bases), and TtgV 
interacts with the phosphate backbone at the 
other three positions (Figure 4A, underlined 
blue bases). The guanine at position –14 is 
hyper-sensitive to methylation (Figure 4A, 
green base (Guazzaroni et al., 2004)). This 
site is paired with a recognized base in our 
structure, and is exposed by DNA distortion 
when TtgV binds. 

TtgV interacts with the DNA major 
groove largely through the recognition helix 
(α3) of the WH motif, similar to the majority 
of other WH proteins (Clark et al., 1993; 
Gajiwala and Burley, 2000). Specifically, 
residues S48, T49, N51, R52 interact with 
DNA via the major groove (Figure 4C, see 
also Figure S4). The wings in the WH 
domains lie across the minor grooves and 
interact with the phosphate backbones at 
both ends and the middle of the DNA 
operator sequence (Figure 4B). R19 from a1 
also interacts with the phosphate backbone 
(Figure 4C). 

Fillet et al. (2009) identified three 
groups of residues within the WH domain of 
TtgV based on their effects on its activity. 
Substitution of Group 1 residues with 
alanine had no effect on activity, while 
substitution of Group 2 residues abolished 
activity. Alanine substitution of Group 3 
residues significantly reduced activity for 
the ttgG promoter, but had little effect on the 
ttgD promoter. The TtgV structure in 
complex with the ttgG promoter reveals that 
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Group 1 residues are largely located on 
protein surfaces and have few interactions 
with the rest of the protein or DNA (Figure 
4, see also Figure S4, white). Group 2 
residues (R47, T49 and R52) are directly 
involved in DNA binding and hence 
mutations to alanine resulted in mutant 
regulators that exhibit reduced affinity for 
the operator and a high level of expression 
from the target promoters. Group 3 residues 
are largely located at the dimer interface or 
interact with other parts of the protein 
(Figure 4, see also Figure S4). Mutations of 
these residues presumably affect 
dimerization or the conformation of the WH 
domain. Both could affect the orientation of 
one or both recognition helices, hence 
affecting DNA binding. Our structure also 
identifies an additional Group 2 residue 
(S35), which is involved in binding to the 
phosphate backbone. Mutating S35 to 
alanine reduced DNA binding ability 
significantly, without affecting its 
quaternary structure (Figure 5). 

Our structures suggest that tetramer 
formation is crucial for the cooperative 
binding to the operator and β5 is a key 
component in the tetramer interface (Figure 
1B, 2D). In order to test the importance of 
this interface, we deleted β5 (residues 129-
131). The mutant protein (TtgV∆129-131) 

has a similar affinity for effectors as wild 
type, confirming that the mutations do not 
affect the overall protein structure and 
folding (Figure 5C). However, the deletion 
mutant indeed forms dimers rather than 
tetramers (Figure 5A) and has consequently, 
lost cooperativity and is no longer able to 
bind to DNA (Figure 5B). 
 
Discussion 
Cooperative binding of TtgV to its operator 

can serve as a general cooperative binding 

model for tetrameric gene regulators    
Our structures explain how a TtgV 

tetramer binds cooperatively to two DNA 
sites within an operator. A TtgV tetramer 
consists of a pair of cis-dimers: each cis-
dimer unit can bind to one ligand – one 
DNA site. There are two distinct functional 
states for a TtgV tetramer: a stable 
symmetric state, represented by the 
symmetric TtgV apo structure, where both 
cis-dimers exist in the T-state, which is more 
stable but unable to bind to its DNA 
operator, and a less stable asymmetric form, 
represented by the asymmetric configuration 
and released DBDs, where both cis-dimers 
exist in the R-state, which is less stable but 
has the correct conformation to permit 
simultaneous binding to two DNA sites. For 
simplicity, we define the symmetric apo 
tetramer which consists of two T-state cis-
dimers the stable T-state for the tetramer, 
while the asymmetric form with two R-state 
cis-dimers the less stable R-state for the 
tetramer (Figure 6). 

How does TtgV tetramer switch 
between the two states? Without any 
constraint, the CTD tetramer is more stable 
in the asymmetric R-state. However, there 
are increased interactions between the CTDs 
and the DBDs in the apo symmetric state. 
The net energy balance favors the symmetric 
apo configuration for the TtgV tetramer. In 
this stable T-state, the DBDs are confined in 
a configuration that is not competent to bind 
DNA (Figure 6A).  This configuration is 
also stabilized by effectors, which are then 
able to bind to symmetric (equivalent) sites 
(Figure 6D).  When DBDs are removed, the 
CTDs can relax to a more stable asymmetric 
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configuration (Figure 6B). Indeed, this is 
supported by structures of other IclR family 
proteins that are truncated to contain just the 
CTD (Lorca et al., 2007; Zhang et al., 
2002), which display asymmetric 
arrangements. 

In order to bind DNA, the symmetric 
tetramer (T-state) has to release the two 
pairs of DBDs from the CTDs (Figure 6A, 
6B). This has two conflicting effects: it costs 
favorable interaction energy between the 
CTDs and the DBDs while it gains energy 
through the favorable asymmetric CTD 
arrangement. The energy values are poised 
so that binding to a single DNA site does not 
provide sufficient energy to compensate for 
the loss of two pairs of CTD/DBD 
interactions but binding to two sites does. 
This explains the extremely weak binding 
affinity of TtgV to a single site as mutating 
one of the two operator sites reduces the 
ability of TtgV binding to its operator 
significantly (Guazzaroni et al., 2007b) 
while TtgV dimer (as in the form of 
TtgV∆129-131 is unable to bind to DNA. 

However, binding to two sites provides 
sufficient favorable interactions and allow 
the tight binding of TtgV tetramer to its 
operator.  

Unlike DNA binding, the effectors bind 
to each TtgV monomer independently 
(Guazzaroni et al., 2005) and the effector 
binding stabilizes the T-state. There are two 
types of effector binding sites in the 
TtgV/DNA complex: one is located near the 
CTD centre, the other adjacent to the linker 
helices (Figure 3, see also Figure S3). 
Effector binding to the sites near the CTD 
tetramer centre will weaken the favourable 
interactions in the asymmetric CTD tetramer 
involving residues 134-136. Mutating F134, 
which is also in the effector binding site, 
reduced the ability of the protein to bind to 
DNA (Guazzaroni et al., 2007a). Mutating 
I136 also significantly reduced the ability in 
DNA binding although maintained a similar 
affinity in effector binding compared to wild 
type (Figure 5). Presumably both mutations 
affect the asymmetric tetramer arrangement, 
which is key for DNA binding. Since 
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residue F134 is involved in both effector 
binding and the asymmetric tetramer 
interface in the R-state, it is possible that 
effector binding induces conformational 
changes in F134, which de-stabilises the 
asymmetric R-state. The energy cost in the 
disruption of the favourable asymmetric 
CTDs will need to be compensated for by 
the increased interactions between the CTD 
and the DBD, therefore promoting the return 
to the stable symmetric T-state. Effector 
binding to the other sites that are located 
close to the linker helices would disturb the 
interactions of the linker helices, helping the 
return to the continuous helix conformation 
that is observed in the T-state.  

Many tetrameric gene regulators contain 
tetrameric effector binding domains and a 
linker that connects the effector binding 
domains with the DBDs. These tetrameric 
gene regulators use a similar cooperative 
binding model irrespective of their exact 
domain structures. The T-state is represented 
by a more stable full length tetramer 
configuration as observed in the TtgV apo 
structure. In this state, both pairs of DBDs 
are confined and unable to bind to the DNA. 
In the R-state, although overall the full 
length tetramer is less stable, the tetramer 
arrangement of the effector binding domains 
is more stable, and the DBDs are released to 
permit binding to the DNA operator. DNA 
binding causes distortions of DNA, which 
are compensated for by the favourable 
interaction energy between the protein and 
two DNA sites. The degree of the 
cooperativity depends on the energy cost 
from the T to the R-state transition and the 
degree of distortions induced in the DNA. 
The larger the energy cost is to switch from 
the T to the R-state, and/or the larger the 
distortion is in the DNA, the stronger the 
requirement for a cooperative binding 
between the protein tetramer and both DNA 
sites is, such that favourable interactions 
between the protein and two DNA sites can 
compensate for the large energy cost. This is 
indeed the case for TtgV, where both DNA 
sites and a full tetramer are required for 
efficient binding. However, in some 
systems, where a weaker cooperativity 

exists, either the tetrameric gene regulator or 
a dimeric form of the protein can bind to a 
single site albeit with a weaker affinity. 
These protein/DNA configurations that 
contain just one DNA site, however, do not 
represent the final R-state for the tetramer, 
but an intermediate state between the T and 
R-states.    
 

Tetrameric models based on partial 

structures do not represent the assembly on 

continuous DNA 
Lac repressor can bind to two sites 

separated by 92 bp and a tetramer/DNA 
structure is available which consists of two 
21 bp DNA duplexes bound separately to 
two LacI dimers that form a V-shape. The 
ability of LacI binding to each of the two 
sites separately suggests that LacI binds to 
two sites with a relatively weak 
cooperativity. A DNA looping model has 
been proposed based on this structure, which 
provided invaluable insights into how LacI 
might regulate gene expression (Lewis et al., 
1996). However, computational modelling 
and single molecule studies suggest that the 
tetramer arrangement, especially the 
opening of the V-shape, depends on the 
properties of DNA between the two sites, 
implying that the connecting DNA 
sequences impose constraints on the LacI 
tetramer (Rutkauskas et al., 2009; Swigon et 
al., 2006). Indeed, a recent solution study on 
the Lac repressor suggests that tetrameric 
LacI adopts a different conformation in 
complex with DNA compared to the crystal 
structure (Taraban et al., 2008). The 
LacI/DNA model most likely represents the 
conformation when LacI initially binds to 
either of the two sites. Additional 
conformational changes in both DNA and 
protein would occur upon binding to both 
sites to reach the final R-state, which will 
have a larger DNA distortion that is 
compensated for by further interactions 
between the protein and the DNA. 

Recent structural studies using a mutant 
form of l repressor deficient in tetramer 
formation revealed an asymmetric 
arrangement of the cis-dimer in complex 
with its 17 bp DNA target (Stayrook et al., 
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2008) and asymmetry was proposed to play 
important roles in forming the tetramer 
assembly (Hochschild and Lewis, 2009). 
Our results agree with that hypothesis and 
suggest that the asymmetry in the cis-dimer 
is a pre-requisite for all tetrameric gene 
regulators upon binding to their DNA 
operator containing two adjacent sites. A 
tetrameric arrangement of λ repressor when 
bound to two adjacent DNA sites was 
proposed based on this asymmetric 
dimer/DNA complex and the tetrameric 
arrangement of CTDs (Stayrook et al., 
2008). The model again provided 
mechanistic insights into cooperative 
binding of l repressor to adjacent operator 
sites based on the available data. However, 
the model used two separate, discontinuous 
17 bp DNA duplexes. Consequently, in that 
model, although the two DNA duplexes 
roughly align into a continuous helix, the 
individual strands do not join smoothly.  
Furthermore, the angular alignment of the 
two cis-DBD units does not match that of 
the natural operators (Stayrook et al., 2008). 
Additional distortion in DNA will be 
required for a full assembly of protein/DNA. 
The energy cost in DNA distortions will 
have to be compensated for by additional 
interactions between the protein and DNA 
and between protein subunits.  

In summary, previous structures of 
tetrameric gene repressors have shed light 
on how they might bind to DNA 
cooperatively. However, due to the 
incomplete structural information, models of 
the repressor/operator complex do not 
necessarily represent the actual stable 
protein/operator assembly, or the final R-
state.  Our structures here provide details of 
a complete assembly of a tetrameric 
repressor with full operator sequence and 
reveal a general cooperative model that can 
be applied to explain other tetrameric 
regulators. We propose that the energy 
difference between the T-state and the R-
state and the energy cost in inducing DNA 
distortions are key determinants for its 
cooperativity. To achieve the full assembly 
of regulator/DNA in a cooperative fashion, 
conformational changes must occur to allow 

simultaneous binding to both sites and 
compensate for the energy difference 
between the two states. 
  
Experimental Procedures 
Site-directed Mutagenesis—TtgV mutants 
were generated by amplification of ttgV 
from plasmid pANA126 using pfu turbo 
DNA polymerase (Stratagene) and 39 mer 
primers that incorporated the appropriate 
mistmaches to introduce the desired 
mutation. The PCR product was digested 
with DpnI, ligated to pET28b(+) and 
transformed in E. coli BL21 (DE3). The 
nature of each mutant allele was confirmed 
by DNA sequencing. 
 

 Over expression and purification of His-

tagged TtgV and mutants — Escherichia coli 
BL21 (DE3) cells were grown in two-litre 
conical flasks containing 1L of 2×YT 
culture medium with 50 µg/ml kanamycin, 
incubated at 37 °C with shaking until the 
culture reached a turbidity of around 0.7 at 
660 nm. Expression of the TtgV or its 
variants was induced with 1 mM isopropyl 
β-D-thiogalactopyranoside and the cultures 
were kept at 18 °C for 3 h until cells were 
harvested by centrifugation (10 min at 9000 
× g). The cell pellet was resuspended in 50 
ml buffer made of 25 mM sodium phosphate 
pH 7.0, 0.5 M NaCl, 5% (vol/vol) glycerol, 
10 units lysozime and half a tablet of 
COMPLETE protease inhibitor (ROCHE). 
Cells were broken through two passages in a 
French press as described (Guazzaroni et al., 
2007). After centrifugation at 12,000 × g for 
45 min, the supernatant was filtered and 
loaded onto a 5 ml HisTrap HP column (GE 
Healthcare) and eluted with a imidazol 
gradient (45 to 500 mM). The fraction 
containing TtgV or its mutant variants was 
then dialyzed against buffer containing 15 
mM Tris-HCl, pH 7,2, 10% (v/v) glycerol, 
300 mM NaCl, 8 mM magnesium acetate 
and 1 mM dithiothreitol. Protein samples 
were aliquoted before freezing. All 
experiments were done with a single batch 
of each protein. Proteins aliquots were 
thawed for immediate use, and excess 
protein was discarded.  
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Electrophoresis Mobility Shift Assay — The 
DNA probes were 295-bp fragments 
containing the ttgV-ttgGHI intergenic region 
obtained from plasmid pGG1 by PCR with 
primers G5’E (5’-
NNNNNNGAATTCGTTCATATCTTTCC
TCTGCG-3’) and G3’P (5’-
NNNNNNCTGCAGGGGGATTACCCGT
AATGCAC-3’). Cycling parameters were 2 
min at 95°C followed by 30 cycles at 95°C 
for 1 min, 50°C for 30 s, and 72°C for 30 s, 
ending with 10 min at 72°C. PCR products 
were isolated from agarose gel by use of a 
Qiaquick gel extraction kit (Qiagen) and 
radiolabeled at the 5’ end with [γ-32P] ATP 
and T4 polynucleotide kinase. A 1 nM 
concentration (~104 cpm) of the labeled 
probe was then incubated with the indicated 
concentrations of purified proteins in 10 µl 
STAD (25 mM Tris acetate, pH 8.0, 10 mM 
KCl, 8 mM magnesium acetate, 3.5% 
[wt/vol] polyethylene glycol 8000, and 1 
mM dithiothreiol) supplemented with 15 
µg/ml poly (dIdC) and 200 µg/ml bovine 
serum albumin. Reaction mixtures were then 
incubated for 10 min at 30°C, and samples 
were run in 4.5% (wt/vol) native 
polyacrylamide gels (Bio-Rad Mini-Protean 
II) for 2 h at 50 V at room temperature in 
Tris-glycine buffer (25 mM Tris-HCl, pH 
8.0, 200 mM glycine). The results were 
analyzed with Personal FX equipment and 
Quantity One software (Bio-Rad). 
 
Isothermal Titration Calorimetry — 

Measurements were performed on a VP-
Microcalorimeter (MicroCal, Northampton, 
MA) at 25 °C. Proteins were thoroughly 
dialyzed against 25 mM Tris acetate, pH 8.0, 
8 mM magnesium acetate, 100 mM NaCl, 
10% (vol/vol) glycerol and 1 mM 
dithiothreitol. The protein concentration was 
determined using the Bradford assay. Stock 
solutions of 1-naphthol, and 4-nitrotoluene 
at a concentration of 500 mM were prepared 
in dimethylsulfoxide and subsequently 
diluted with dialysis buffer to a final 
concentration of 0.5 mM (1-naphthol and 4-
nitrotoluene). Each titration involved a 
single 1.6 µl injection and a series of 4.8 µl 

injections of effector into the protein 
solution. Titration curves were fitted by a 
nonlinear least squares method to a function 
for the binding of a ligand to a 
macromolecule as incooperated in ORIGIN 
software (MicroCal). 
 
Analytical gel filtration chromatography — 
We used analytical gel filtration 
chromatography to determine the oligomeric 
state of wild type and mutant TtgV in 
solution, using an Åkta FLPC system 
(Amersham Biosciences). Briefly, purified 
proteins were loaded onto a Superdex-200 
10/300GL column (Amersham Biosciences) 
equilibrated in buffer A (25 mM sodium 
phosphate pH 7.0, 0.5 M NaCl, 5% (vol/vol) 
glycerol). The protein sample was eluted at a 
constant flow rate of 0.7 ml/min, and the 
absorbance of the eluate was monitored at 
280 nm. The molecular mass of the protein 
was estimated from a plot of the elution 
volume against Ln of the molecular weight 
of standard calibration proteins, namely, α-
lactalbumin from bovine milk (14.2 kDa), 
carbonic anhydrase from bovine 
erythrocytes (29 kDa), albumin from 
chicken egg white (45 kDa) and albumin 
from bovine serum (66 kDa) (Sigma). 
 
Crystallization - DNA oligos were 
purchased from MWG and dissolved to a 
final concentration of 0.2 mM in a buffer 
containing 50mM HEPES pH8.0 and 40mM 
NaCl. To anneal into double stranded DNA 
(dsDNA), complementary single strand 
DNA fragments were mixed in equal molar 
ratio, heated at 95 oC for 10min and cooled 
slowly to room temperature. Annealed 0.1 
mM dsDNA was mixed with purified 
protein of 50 mg/ml at a molar ratio of 1:4. 
The mixture was left at 4 oC for 2 hours to 
allow the binding between the protein and 
DNA. The complex was then loaded onto a 
superdex-200 column, which was washed 
with the same buffer that the DNA samples 
were dissolved in. The fractions of a single 
peak were collected containing both TtgV 
and DNA, and the sample was concentrated 
to a final concentration of 5mg/ml. Crystals 
were obtained by sitting drop vapour 
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diffusion. TtgV alone crystals were achieved 
accidentally from an attempt to crystallize 
TtgV in complex with a 43 bp DNA 
fragment covering ttgGHI operator region of 
-30 to +13. The crystallization buffer 
contained 15% PEG2000MME, 100mM 
BisTris Propane pH6.4, 200mM KNO3. The 
Crystals appeared in 3 days at 4˚C. The 
crystals of TtgV/42bp DNA (-29 to +13) 
with a 3’ extruding base at the bottom strand 
were grown under the condition of 7% 
PEG4000, 50mM NaCl, 100mM Tris pH8.0. 
Crystals grew at 4˚C for a month. 

 

Data collection and structure determination 

– Crystals of TtgV alone and in complex 
with its DNA operator were transferred into 
cryo-buffers containing additional 10% or 
20% ethylene glycol to their crystallization 
buffers, respectively, before in liquid 
nitrogen. Datasets were collected at 
beamline I04, Diamond Synchrotron 
Radiation Source. Diffraction data were 
processed in Mosflm (Leslie, 1992), scaled 
and truncated in Scala in CCP4 suite 
(COLLABORATIVE COMPUTATIONAL 
PROJECT, 1994). Both TtgV alone and 
TtgV/DNA complex structures were 
determined by molecular replacement 
method. The initial searching model for 
TtgV alone structure was made in Chainsaw 
(Stein, 2008) based on the CTD of an IclR 
family member protein structure (PDB code 
1MKM (Zhang R.G., 2002)), and the 
molecular replacement solution was 
obtained in Phaser (McCoy A.J., 2007). The 
remaining of the structure was manually 
built in Coot (Emsley P., 2010). The refined 
TtgV structure was then used as the initial 
searching model for the complex. Solution 
of the CTD was obtained in Phaser. 
Subsequently, solutions of DBDs and small 
B-DNA fragments were added to the 
existing CTDs by using Molrep (Vagin A., 
1997). The remaining of the structure was 
built manually in Coot. All refinements were 
carried out in Phenix (Adams P.D., 2010). 
All structure figures were made in Pymol 
(http://www.pymol.org/).  
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FIG. S1, related to Table1, stereo 
images of final 2Fo-Fc electron 
density maps contoured at 1σ. A) 
TtgV apo structure. B) TtgV/DNA 
complex structure. 
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FIG. S2, related to Figure 2, the geometry of the ttgG operator DNA. The 
major groove width (green) of the operator is wider compared to that of 
standard B-DNA (orange). The minor groove of the operator (blue) is 
narrower at A/T rich regions and Inventory of Supplemental 
Information  wider at the centre (C/G pairs) compared to the standard B-
DNA (magenta). 

FIG. S3, related to Figure 3, Effector binding sites in the TtgV/DNA structure. A) Top view, two 
different type of effector binding site (spheres) for the distal protomer (red ribbon) and the 
proximal protomer (oranage ribbon), B) Side view highlighting the close proximity between the 
effector binding site and the linker helices. 

FIG. S4, related to Figure 4, TtgV-DNA interactions. A). Detailed hydrogen bonding (blue 
lines) and van der Waals (red lines) interactions. Residues are coloured corresponding to the 
individual protomers in Figure 2. B) Ribbon representations of TtgV/DNA interactions. The 
residues mutated in Fillet et al. were coloured differently: Group 1 in white, Group 2 in blue, 
and Group 3 in green. C) Viewed 180o away. 
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Organisation des domaines du répresseur TtgV : identification de Glu102 et Arg98 

comme résidus clé dans la communication inter-domaine. 
 

TtgV module l’expression des opérons ttgGHI et ttgDEF, lesquels codifient des 

pompes d’efflux ayant pour rôle l’expulsion de composés aromatiques. La structure 3D de 

TtgV révèle un domaine d’union à effecteur et un domaine d’union à l’ADN composé d’une 

longue hélice α. Des études de calorimétrie de scanner différentiel ont révélé que TtgV se 

dénaturalise en un seul événement température Tm de 47°C, indiquant que les deux 

domaines se dénaturalisent de manière coopérative. L’ajout d’effecteurs montre une 

augmentation de stabilité de 4 à 8°C. Des mutations des résidus Q51A – au sein du domaine 

d’union à l’ADN – et V223A – au sein du domaine d’union à effecteur – n’affectent pas 

l’union à l’ADN cible ; cependant, contrairement à TtgV sauvage, la libération des 

opérateurs est partiellement perturbée. La structure 3D de TtgV révèle que les résidus Glu98 

et Asp102 sont localisés au sein d’une longue hélice α connectant les deux domaines 

composant TtgV et formant un pont ionique qui pourrait être impliqué dans la transmission 

du signal. Nous avons généré des mutants en altérant les charges des ces deux résidus. Le 

déploiement de TtgVE102R et TtgVR98E se déroule en deux étapes indiquant que la 

coopérativité de dénaturalisation entre les deux domaines est rompue au sein de ces deux 

mutants. En présence de 1-naphtol, la dénaturalisation thermique de ces mutants augmente la 

Tm du domaine d’union à effecteur uniquement, sans affecter celle du domaine d’union à 

l’ADN. Les doubles mutants TtgVQ51A/E102R et TtgVV223A/E102R et le triple mutant 

TtgVQ51A/E102R/V223A ont été construits; chacun d’eux présentes aussi une 

dénaturalisation dissociée en deux étapes, ce qui indique la prédominance de la mutation de 

l’hélice α de connexion sur les mutations des résidus situé en les deux différents domaines 

composant TtgV. L’ensemble de ces mutants montre aussi une configuration stabilisée en 

présence d’effecteur. 

 

Organización de los dominios del represor TtgV : identificación de Glu102 y Arg98 
como residuos claves en la comunicación inter dominio. 

 
TtgV modula la expresión de los operones ttgGHI y ttgDEF, los cuales codifican 

bombas de eflujo que expulsan compuestos aromáticos. La estructura 3D de TtgV revela un 

dominio de unión al efector y un dominio de unión al ADN conectados par una larga hélice 

α. Estudios de calorimetría de escáner diferencial revelaron que TtgV se desnaturaliza en un 

evento único con una temperatura (Tm) de 47°C, lo cual indica que sus dos dominios se 

despliegan de manera cooperativa. El resultado de la presencia de efectores se traduce en un 

aumento de la estabilidad de 4 a 8°C. Mutaciones en los residuos Q51A – en el dominio de 

unión al ADN – y el V223A – en el dominio de unión al efector no impiden la unión al ADN 

de los reguladores; pero, en contraste con la proteína TtgV silvestre, la liberación del 

operador está en parte perturbada. La estructura 3D de TtgV ha revelado que los residuos 

Glu98 y Asp102 están localizados en una larga hélice α que conecta los dos dominios de 
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TtgV y forman un puente iónico, el cual podría estar implicado en la transmisión de señal. 

Hemos generados mutantes de estos dos residuos, alterando la carga de los mismos. La 

desnaturalización de TtgVE102R y TtgVR98E ocurre en dos etapas indicando que en estos 

mutantes, la cooperatividad de despliegamiento entre los dos dominios está interrumpida . 

En presencia de 1-naftol, la desnaturalización térmica de los mutantes aumenta la Tm del 

dominio de unión al efector; sin afectar la del dominio de unión al ADN. Se han construido 

los dobles mutantes TtgVQ51A/E102R y TtgVV223A/E102R y el triple mutante 

TtgVQ51A/E102R/V223A, cada uno de ellos muestran un despliegamiento desacoplado, lo 

cual indica la predominancia de la mutación conectando la hélice α sobre la mutación de los 

residuos de los dominios que componen TtgV. Estos mutantes también presentan una 

estabilización de su configuración en presencia de efectores. 
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TtgV modulates the expression of 
the ttgGHI and ttgDEF operons, which 
encode efflux pumps that extrude aromatic 
compounds. The 3D structure of TtgV 
revealed an effector binding domain and a 
DNA binding domain bridged by a long αααα-
helix. Differential scanning calorimetry 
studies revealed that TtgV unfolds in a 
single event with a Tm of 47 ºC, which 
indicates that both domains unfold 
cooperatively. Addition of effectors 
resulted in increased stability by 4 to 8 ºC. 
Mutants in residues Q51A – in the DNA 
binding domain - and V223A – in the 
effector binding domain, can bind target 
DNA; however, in contrast with the wild-
type TtgV, liberation from its operators is 
partially impaired. The 3D structure of 
TtgV revealed that residues Arg98 and 
Asp102 are located within a long αααα-helix 
connecting the two domains and form an 
ion bridge that could be involved in signal 
transmission. We generated mutants with 
altered charge at these two residues. The 
DSC thermogram of TtgVE102R and 
TtgVR98E showed two events suggesting 
that both domains unfold individually in a 
non-cooperative manner. This was 
confirmed by thermal unfolding studies of 
the mutants in the presence of the effector 
1-naphthol, which caused a Tm shift of the 
effector binding domain, without affecting 
the unfolding parameters of the DNA 
binding domain.  
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Additional mutations of TtgV in the DNA- 
or effector binding domain such as in the 
double mutants TtgVQ51A/E102R and 
TtgVV223A/E102R and the triple 
TtgVQ51A/E102R/V223A did not alter the 
sequential domain unfolding kinetics. This is 
indicative of the dominance of the mutation 
in the connecting αααα-helix over mutation in 
domain residues. A Tm upshift in only one 
event in the presence of effector molecules 
was also observed for these mutants, 
indicating that they preserve their capacity 
to bind effectors. 

 
Pseudomonas putida DOT-T1E is a model 

solvent-tolerant microorganism that grows in 
the presence of high concentrations of 
extremely toxic and harmful compounds such 
as aromatic hydrocarbons (Ramos et al., 1995; 
Ramos et al., 1998). Solvent tolerance is a 
multifactoral process that involves the 
impermeabilization of the cell membranes via 
cis to trans isomerization of unsaturated fatty 
acids, as well as a series of other changes 
related to phospholipid headgroups and LPS 
composition (Bernal et al., 2007; Isken and de 
Bont, 1996; Junker and Ramos, 1999). These 
changes at the membrane level do not fully 
impermeabilize the cells and the entry of 
solvent leads to alterations in the respiratory 
chains, which result in the generation of 
reactive oxygen species and the denaturation of 
proteins (Domínguez-Cuevas et al., 2006). 
Cells respond to these changes by setting up a 
general stress response program, including the 
induction of a number of chaperones and 
peroxidases (Segura et al., 2005). Extrusion of 
toxic compounds to the outer medium, an 
energy-dependent process mediated by a set of 
efflux pumps, is vital for bacteria to thrive at 
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high concentrations of solvents (García et al., 
2009; Inoue and Horikoshi, 1989; Isken and de 
Bont, 1996; Kieboom et al., 1998; Kieboom 
and de Bont, 2001; Ramos et al., 1998; Ramos 
et al, 2002; Rojas et al., 2003; Wery et al., 
2001). The most relevant pumps in solvent 
extrusion belong to the RND family (Ramos et 
al., 2002), although, efflux pumps belonging to 
other families have also been described (Endo 
et al., 2007; García et al., 2009; Kim et al., 
1998).    
RND efflux pumps are made up of three 

components: an inner membrane transporter 
(Murakami et al., 2002; Nikaido and 
Takatsuka, 2009; Takatsuka and Nikaido 2007; 
Yu et al., 2003), an outer membrane channel 
(Koronakis et al., 2000), and a fusion protein 
that is located in the periplasm (Ge et al., 2009; 
Tikhonova et al., 2009; Zgurskaya and 
Nikaido, 1999;), which likely mediates the 
correct assembly of all elements of the RND 
efflux pump.  The genome of Pseudomonas 
putida DOT-T1E encodes over 20 RND efflux 
pumps, three of which (TtgABC, TtgDEF and 
TtgGHI) (Segura et al., 2003) have been 
involved in the synergic extrusion of solvents, 
although from a quantitative point of view the 
main toluene efflux pump is TtgGHI (Rojas et 
al., 2001).  The ttgABC and ttgDEF operons are 
chromosomically located, whereas the ttgGHI 
genes are located on the self-transmisable 
pGRT1 plasmid (Rodríguez-Herva et al, 2007).  
Expression of the ttgABC and ttgGHI operons 

was previously shown to be regulated by the 
adjacently encoded repressors TtgR and TtgV, 
respectively. Upstream of the ttgDEF operon is 
located a putative regulator gene named ttgT. 
Although TtgT is able to bind to the ttgD 
operator, our in vivo studies showed that this 
operon is mainly regulated by TtgV (Terán et 
al., 2007) 
The TtgV repressor belongs to the IclR 

family of regulators (Krell et al., 2006; Molina-
Henares et al., 2006). Proteins of this family 
have two domains, an N-terminal helix-turn-
helix (wHTH) DNA binding domain and an 
effector-binding domain, which is the trait that 
best defines the members of this family (Krell 
et al., 2006; Molina-Henares et al., 2006). TtgV 
is a tetramer in solution and it recognizes a 
limited number of compounds containing one 

or two aromatic rings, with binding KD in the 
lower micromolar range. The most efficient 
effectors in vivo are two-ring aromatic 

compounds such as 1-naphthol (1NL) and 
indole (IND) and one-ring compounds such as 
4-nitrotoluene (4NT) and benzonitrile (BN) 

(Guazzaroni et al., 2005). TtgV operates 
according to effector-mediated derepression: 
namely, in the absence of effector the protein is 
bound at the promoter region repressing 
transcription, while in the presence of effector 
molecules TtgV is released from target 
sequences. Our previous studies showed that 
TtgV binds directly to DNA through at least 
three amino acids in the recognition helix of the 
HTH motif, namely R47, T49 and R52 (Fillet et 
al., 2009). Effector binding to the TtgV-DNA 
complex is thought to produce an 
intramolecular stimulus that is transmitted to 
the DNA-binding domain, causing dissociation 
of TtgV from the operator. This subsequently 
allows RNA polymerase to accesses the 
promoter leading to resumption of transcription 
(Guazzaroni et al., 2004).  
ITC analysis revealed that the affinity of 

TtgV mutants for effectors does not correlate 
with the release of the mutant proteins from its 
target operators or with their capacity to 
modulate gene expression in vivo (Fillet et al., 
2009; Guazzaroni et al., 2007). We show here 
that TtgV unfolds in a single event centred at a 
Tm (midpoint of protein unfolding transition) 
of 47 ºC, indicating that the domains unfold 
cooperatively which is likely to be due to tight 
interdomain communications. The analysis of 
the 3D structure of TtgV (Lu et al., 2010) 
identified a long alpha helix that connects the 
effector binding domain and the DNA binding 
domain. Within this alpha helix are residues 
E102 and R98, which form an ion bridge. 
Replacement of glutamic acid 102 with 
arginine and arginine 98 with glutamic acid 
resulted in the uncoupling of thermal unfolding 
of the two TtgV domains. Binding of effectors 
to the mutant proteins increased thermal 
stability of the effector binding domain, but not 
that of the DNA binding domain.  
 

EXPERIMENTAL PROCEDURES 
Bacterial Strains, Plasmids, and Culture 

Medium — The bacterial strains and plasmids 
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used in this study are shown in Table 1. 
Bacterial strains were grown in LB medium at 
30 °C or 37 ºC as previously described (Abril et 
al., 1998; Duque et al., 2001). Escherichia coli 
BL21 (DE3) bearing appropriate plasmids was 
grown in 2×YT at 37 ºC for the production of 
the TtgV protein or its mutant variants. Liquid 
cultures were shaken on an orbital platform 
operating at 200 rpm. When required, the 
following antibiotics were added to the 
cultures: ampicillin, 100 µg/ml; gentamycin, 10 
µg/ml; kanamycin, 30 µg/ml; nalidixic acid, 10 
µg/ml; rifampicin, 10 µg/ml; and tetracycline, 
20 µg/ml. 
Site-directed Mutagenesis — TtgV mutants, 

in which amino acid residues at positions 98 
and 102 were replaced by another amino acid, 

were generated by amplification of ttgV from 
plasmid pANA126 using pfu turbo DNA 
polymerase (Stratagene) and 39 mer primers 
that incorporated appropriate mismatches to 
introduce the desired mutation (Daniels et al., 
2010). The PCR product was digested with 
DpnI, ligated to pET28b(+) and transformed in 
E. coli DH5α. The nature of each mutant allele 
was confirmed by DNA sequencing. TtgV 
mutants in residues 51 and 223 were generated 
before (Fillet et al., 2009; Guazzaroni et al., 
2007). Double mutants TtgVQ51A/E102R and 
TtgVV223A/E102R were generated as above 
but using as a template the ttgV mutant allele 
encoding the single TtgVQ51A or TtgVV223A 
mutant. A triple TtgVQ51A/E102R/V223A 
was constructed using as a template the ttgV 
mutant allele that encodes TtgVE102R/V223A 
mutant. 
TtgV Expression and Purification — 

Escherichia coli BL21 (DE3) bearing 
appropriate plasmids encoding TtgV proteins 
cells were grown in two-litre conical flasks 
containing 1L of 2×YT culture medium with 30 
µg/ml kanamycin, incubated at 37 °C with 
shaking until the culture reached a turbidity of 
around 0.7 at 660 nm. Then expression of TtgV 
or its variants was induced with 1 mM 
isopropyl β-D-thiogalactopyranoside and the 
cultures were kept at 18 °C for 3 h until cells 
were harvested by centrifugation (10 min at 
9000 × g). The cell pellet was suspended in 50 
ml of buffer that contained 25 mM sodium 
phosphate pH 7.0, 0.5 M NaCl, 5% (vol/vol) 

glycerol, 10 units lysozyme (Sigma) and half a 
table of COMPLETE protease inhibitor 
(Roche). Cells were broken through two 
passages in a French press as described 
(Guazzaroni et al., 2007). After centrifugation 
at 12,000 × g for 45 min, the supernatant was 
filtered and loaded onto a 5 ml HisTrap HP 
column (GE Healthcare) and eluted with an 
imidazol gradient (45 to 500 mM). The fraction 
containing TtgV or its mutant variants was then 
dialyzed against buffer containing 15 mM Tris-
HCl, pH 7,2, 10% (v/v) glycerol, 300 mM 
NaCl, 8 mM magnesium acetate and 1 mM 
dithiothreitol. The purity of the protein was 
between 90 and 95% as judged from SDS-
PAGE gels. Protein samples were aliquoted 
before freezing. All experiments were done 
with a single batch of each protein. Proteins 
aliquots were thawed for immediate use, and 
excess protein was discarded.  
Electrophoresis Mobility Shift Assay — A 

295-bp DNA fragment containing the PttgG or 
PttgD promoter was amplified by PCR from 
pGG1 or pT1B6 using appropriate primers, 
isolated from agarose gels, and end-labeled 
with 32P as described before (Fillet et al., 2009). 
About 1 nM labeled DNA (∼1.5 × 104 cpm) 
was incubated with the indicated amounts of 
purified TtgV or TtgV mutant proteins for 10 
min at 30 °C in STAD binding buffer (25 mM 
Tris-acetate, pH 8.0; 10 mM potassium 
chloride; 8 mM magnesium acetate; 3.5% (w/v) 
polyethylene glycol 8000, and 1 mM 
dithiothreitol) containing 15 µg/ml poly(dI-dC) 
and 200 µg/ml bovine serum albumin. 
Electrophoresis in native polyacrylamide gels 
(4.5%, wt/vol) and analyses were carried out as 
described before (Fillet et al., 2009).  
Isothermal Titration Calorimetry — 

Measurements were performed on a VP-
Microcalorimeter (MicroCal, Northampton, 
MA) at 25 °C. Proteins were throughly dialyzed 
against 25 mM Tris acetate, pH 8.0, 8 mM 
magnesium acetate, 100 mM NaCl, 10% 
(vol/vol) glycerol and 1 mM dithiothreitol. The 
protein concentration was determined using the 
Bradford assay. Stock solutions of 1-naphthol, 
and 4-nitrotoluene at a concentration of 500 
mM were prepared in dimethylsulfoxide and 
subsequently diluted with dialysis buffer to a 
final concentration of 0.5 mM (1-naphthol and 
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4-nitrotoluene). All chemicals were 
manipulated in glass vessels, and effector 
samples were neither degassed nor filtered, to 
avoid evaporation or nonspecific binding. Each 
titration involved a single 1.6 µl injection and a 
series of 4.8 µl injections of effector into the 
protein solution. For DNA binding studies, 
oligonucleotides corresponding to both strands 
of the TtgV operators were synthesized  (5′-  
GCTTGCGTCAAGAGTATCACATAATGCT
ACACTCTACCGCATTACGATTCAGCAAT
AGCCCCC-3′ and its corresponding 
complementary oligonucleotide, and 5’-
GGCTGTTTCGCAAAAACCACATAGTGAT
ACACTATTCTGCAATGCGGGCCATGCAT
TGTGATT-3’ and its corresponding 
complementary oligonucleotide). Annealing 
was carried out by mixing equimolar amounts 
(at a concentration of 200 µM) of each 
complementary oligonucleotide in 10 mM 
phosphate buffer, pH 7.0, 1 mM EDTA and 
150 mM NaCl. The mixture was incubated at 
95 °C for 10 min and then chilled on ice and 
dialyzed in the buffer used for ITC studies. The 
mean enthalpies measured from injection of the 
ligand in the buffer were subtracted from raw 
titration data before data analysis with ORIGIN 
software (MicroCal). Titration curves were 
fitted by a nonlinear least squares method to a 
function for the binding of a ligand to a 
macromolecule (Wiseman et al., 1989). From 
the curve thus fitted, the parameters ∆H 
(reaction enthalpy), KA (binding constant, KA = 
1/KD), and n (reaction stoichiometry) were 
determined. From the values of KA and ∆H, the 
change in free energy (∆G) and in entropy (∆S) 
was calculated using the equation: ∆G = -RT 
LnKA = ∆H - T∆S, where R is the universal 
molar gas constant and T is the absolute 
temperature. 
CD Spectroscopy − CD experiments were 

performed using a Jasco J-715 (Tokyo, Japan) 
spectropolarimeter equipped with a 
thermostatized cell holder. Measurements of 
the far-UV CD spectra (260-200 nm) were 
made with a 0.1 cm path length quartz cuvette. 
The resulting spectrum was the average of 5 
scans. Thermal denaturation was followed from 
15 ºC to 70 ºC at 222 nm, which is a 
characteristic negative band for α-helix. The 

spectra were corrected using baselines obtained 
for samples containing only buffer. 
Differential Scanning Calorimetry − 

Differential scanning calorimetry experiments 
were carried out with a VP-DSC (Valerian-
Plotnikov differential scanning calorimeter) 
capillary-cell microcalorimeter from MicroCal 
(Northampton, MA) at a scan rate of 60 ºC h-1. 
Protein solutions for the calorimetric 
experiments were prepared by exhaustive 
dialysis against a buffer with 20 mM PIPES, 
pH 7.2, 8 mM magnesium acetate, 150 mM 
KCl, and 1 mM TCEP. The buffer from the last 
dialysis step was used in the reference cell of 
the calorimeter. Calorimetric cells (operating 
volume 0.137 ml) were kept under an excess 
pressure of 60 psi bar to prevent degassing 
during the scan and also to permit the scans to 
be performed at a temperature up to 80 ºC. 
Several buffer-buffer baselines were obtained 
before each run with protein solution in order to 
ascertain proper equilibration of the instrument. 
Reheating runs were carried out to determine 
the calorimetric reversibility of the denaturation 
process. 
 

RESULTS 
Thermal unfolding of TtgV occurs in a single 

event — Multialignment of 1000 IclR family 
members show conserved sequence identity 
along the entire length of these proteins 
(Molina-Henares et al., 2009) and a search for 
domains, using Provalidator and other 
bioinformatic tools, revealed that members of 
this family have a HTH DNA-binding domain 
at their N-terminal region and a highly 
conserved C-terminal region corresponding to 
the effector-binding domain (Krell et al., 2006; 
Molina-Henares et al., 2006; Pérez-Rueda et 
al., 2000; Zhang et al., 2002). The 3D structure 
of TtgV has been recently solved and the two 
domains were identified within the structure 
(Lu et al., in preparation). We found that the 
two domains in TtgV are linked by a long 
extended α-helix (Figure 1).  

To explore if the two domains are physically 
independent units we purified TtgV to 
homogeneity and carried out a series of 
physicochemical assays. The thermal unfolding 
properties of the protein were determined by 
circular dichroism (CD) by monitoring ellipticity 
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FIG. 1. Detail of the Arg98/Glu102 ion bridge in TtgV as 
deduced from the 3D structure of the protein. For 3D details see 
Lu et al., 2010 

 

at 222 nm from 15 ºC to 70 ºC at 1K/min and 
differential scanning calorimetry (DSC). Both 
approaches indicated that TtgV unfolds in a 
single event centred at 47º C (Figure 2A). The 
DSC profiles did not differ at different 
concentrations, what suggests that the TtgV 
oligomer is a stable tetramer. Rescans revealed 
unfolding was an irreversible process which 
does not depend on the protein concentration. 
Thermal unfolding of TtgV was also monitored 
by DSC in the presence of increasing 
concentrations of the effector molecules 1-
naphthol (Figure 2B) and 4-nitrotoluene (not 
shown). We found that as the effector 
concentration increased, the thermal stability of 
TtgV also increased, reaching a thermal 
stability plateau at saturating effector 
concentrations. In all cases, a single unfolding 
event was observed with a Tm shift of 4 ºC for 
4-nitrotoluene, and 8 ºC for 1-naphthol (See 
Figure 2B), with Tm of approximately 51 ºC 

and 55 ºC, respectively. The increase in Tm 
was concomitant with increases in the 
unfolding enthalpic contribution of the system, 
as observed by the increase in the DSC peak 
height (See Figure 2B for results with 
increasing concentrations of 1-naphthol).  

In control assays with TtgV and 
dimethylsulfoxide (no compound used to 
prepare the effector stock solutions) no change 
in Tm was observed (data not shown). In the 
assays described below results with 1-naphthol 
are presented as this compound caused the 
largest Tm shift.  

Characterization of a set of TtgV mutants — 
We had previously generated mutants in 
residues Q51A (Fillet et al., 2009) and V223A 
(Guazzaroni et al., 2007) which, similarly to the 
wild-type protein, were able to bind its target 
DNA; however, in contrast with the wild type, 
the liberation of these proteins from the ttgD 
promoter in response to effectors was partially 
impaired. Interestingly, the former mutant is 
located in the DNA-binding domain, whereas 
the V223 residue is found in the effector-
binding domain, which indicates potential inter-
domain communication. To test if the defect in 
liberation from DNA was due to defects in 
effector binding, ITC assays with the protein in 
solution or bound to DNA targets were done. 
The results presented in Table 2 revealed that 
these proteins recognized effectors with a 
similar affinity to the wild-type whether in 
solution or complexed with DNA (see also 
below); therefore defects in DNA release from 
its targets might be due to putative deficiencies 
in signal transmission. 

The 3D structure of TtgV identified a long α-
helix connecting the effector binding domain 
and the HTH DNA binding domain (Lu et al., 
2010). In this α-helix, Glu102 and Arg98 were 

E102 

R98 
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shown to form an ion pair that may be 
important to protein stability by helix capping, 
suggesting that these residues are relevant for 
the functioning of the protein. We choose to 
further explore the importance of these residues 
by generating Ala mutants at residues E102 and 
R98. Additionally, point mutants replacing 
Glu102 with either Asp or Arg were also 
generated to maintain or alter the charge of the 
residue. At position 98 a mutant in which Arg 
was replaced by Glu was also generated. All 
mutant alleles were cloned into pET28b(+) 
(Table 1) for expression of the His-tagged TtgV 
mutant variants, which were purified to 
homogeneity. All mutants exhibited similar far 
UV CD spectra (Suppl. Table 1), indicating that 
the mutation points did not affect the overall 
secondary structure of the protein. 

Subsequently, the mutant proteins were 
submitted to unfolding assays: Mutants 
Q51A, V223A, E102D, R98A and E102A 
unfolded in a single event, as the wild-type 
protein, with thermal parameters similar to 
those of wild-type TtgV, both in the 
absence and in the presence of effectors 
(See Suppl. Figure 1 for TtgVQ51A). 
Interestingly, mutant TtgVE102R and 
TtgVR98E exhibited an altered 
denaturation pattern, with unfolding 

occurring in two events, characterized by 
Tm of 48.5 and 56 ºC for TtgVE102R 
(Figure 3A) and 49 and 56 ºC for 

TtgEV102A (Figure 3B) and 42ºC and 
48.5ºC for TtgVR98E (Suppl. Figure 2). 
The two unfolding events are likely to 
represent individual unfolding of the DNA-
binding and effector binding domains. 
Therefore, the mutations at residues 98 and 
102 appear to have uncoupled the 
cooperative unfolding of both domains 
observed in the wild-type protein. We also 
tested whether the presence of effectors 
influenced the thermal stability of the seen 
with E102R and R98A in this series of 
assays we used 33 µM 1-naphthol. We 
found an upshift of the initial event, 
whereas the other unfolding event showed 
an unaltered Tm value (Figure 3). This is 
indicative that the first event is related to 
the unfolding of the effector binding 
domain, whereas the second event 
corresponded to the unfolding of the DNA 
binding domain. Because a mutation in the 
long α-helix connecting the two domains in 
TtgV affected thermal stability, we decided 
to combine mutations in each of the 
domains and one mutation in the 
connecting helix. For this reason we 
constructed double mutants 
TtgVQ51A/E102R and 

TtgVV223A/E102R and a triple mutant 
Q51A/E102R/V223A and submitted the 
mutant proteins to several assays. CD 
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spectra of the double mutants and the triple 
mutant revealed a lower α-helix content 
and the proteins started to precipitate at a 
concentration of 150 µM, a concentration at 
which wild-type TtgV is fully soluble. For 
thermal unfolding assays we used 33 µM of 
the double and triple mutants. We found 
that the double mutants and the triple 
mutant showed two thermal unfolding 
events as seen with the single 
TtgVE102R mutant. Furthermore, as 
expected, the unfolding event corresponding to 
the effector binding domain was stabilized in 
the presence of effector molecules in the double 
and triple mutant. To elucidate the relevance of 
the above set of findings regarding the 
mechanism of derepression of target promoters, 
we designed a series of in vitro and in vivo 
assays that are described below. 

In Vitro and in vivo responses of TtgV and 

its mutants to effectors — From a mechanistic 
point of view, it has been proposed that TtgV 
functions by sterically preventing RNA 
polymerase from accessing the promoter region 
(Guazzaroni et al., 2004). Therefore, TtgV 
achieves up-regulation of gene expression via 
effector-mediated dissociation from its 
operators. We found that TtgVV223A, 
TtgVQ51A and TtgVE102R bound to target 
DNA promoters, while the TtgVR98E did not. 
To determine how well effectors were 
recognized by TtgV mutants (TtgVV223A, 
TtgVQ51A, TtgVE102R) we undertook 
different approaches. In vivo, we used a 

PttgG::′lacZ (pANA96) and a PttgD::′lacZ 
fusion (pMPD1) to measure β-galactosidase 
activity in P. putida DOT-T1E∆VT bearing the 
mutant TtgV when grown in the absence and in 
the presence of 1 mM of 4-nitrotoluene and 1-
naphthol (Table 3). As a control the wild-type 
TtgV was used (Table 3). The basal level of 
expression from the ttgG promoter in cells 
bearing TtgV was 745 ± 10 Miller units, and 
expression increased at least 2-fold in response 
to 1 mM 1-naphthol or 4-nitrotoluene (Table 3). 
Basal expression from the ttgD promoter was 
lower (30 ± 5 Miller Units) than that seen with 
ttgG, indicating more efficient repression. 
Consistently, the level of induction from PttgD 
was higher with effectors (about 5 to 15-fold 
induction, Table 3). However, when TtgV was 
replaced by cells expressed TtgVQ51A, 
TtgVE102R, or TtgVV223A we found that the 
basal level of expression from PttgG and PttgD 
was 2- to 18-fold lower indicating that these 
mutants were more efficient repressors than the 
wild-type protein (Table 3).  

For the PttgG promoter, all of the mutants 
responded to 4-nitrotoluene and 1-naphthol 
allowing significant derepression with maximal 
expression levels similar to those measured for 
wild-type TtgV (Table 3). With PttgD not all the 
mutants behaved like the wild-type protein, and 
upon addition of effectors did not exactly 
follow the pattern seen with the wild-type 
protein, i.e., the increase of β-gal activity with 
TtgVV223A in response to 1-naphthol or 4-
nitrotoluene was very low, and with mutants 
Q51A and E102R the response to effectors was 
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about 30% of that measured for wild-type 
TtgV. This suggests that the release of TtgV 
mutants from target operators depends on the 
DNA sequence of the operator site. This may 
be due to differential recognition of effectors 
by TtgV mutants when bound to the two 
different operators, or that the efficiency in 
transmission of signals from the effector 
binding domain to the DNA-binding domain is 
influenced by the nature of the TtgV mutant 
DNA complex.  

To clarify whether interactions between 
effector and TtgV mutants, as well as whether 
binding affinities between TtgV mutants and 
the operator DNA sequences differ from wild-
type TtgV, we carried out isothermal titration 
calorimetry and EMSA. We have previously 
shown that TtgV binds 1-naphthol and 4-
nitrotoluene in an enthalpy-driven process. First 
we tested the binding of effector molecules to 
TtgVV223A, TtgVE102R, TtgVE102A, 
TtgVR98A and TtgVQ51A. The results showed 
that the mutants in solution bound 1-naphthol 
and 4-nitrotoluene with an affinity equivalent to 
that of the wild-type protein (see Table 2). To 
test if mutant proteins recognized effectors 
when complexed with target DNAs, we 
annealed complementary synthetic 63-bp 
oligonucleotides spanning the TtgV target 
sequences in PttgD and PttgG (See Experimental 
Procedures). Experiments were designed so that 
the protein concentration after saturation with 
DNA corresponded exactly to the protein 
concentration used for the titration of 
unliganded protein with 1-naphthol or 4-
nitrotoluene. After saturation, the wild-type 
TtgV-DNA and mutant TtgV (Q51A, R98E, 
E102A, E102R, and V223A)-DNA complex 
was titrated with effectors in a similar fashion 
to the titration of free TtgV protein in solution. 

We found that, when complexed, the affinity of 
wild-type TtgV and Q51A, E102A and E102R 
mutants for 1-naphthol was similar, with an 
affinity in the range of 17 to 22 µM (Table 2). 
The affinity of TtgVV223A when complexed 
with PttgG promoter was around 10 µM. 
Therefore, the affinity of TtgV and its mutants 
for effectors either unligated or affinity 
complexed with DNA recognize effector 
molecules with a similar.  

We then reasoned that the differences seen 
in vivo with β-galactosidase activity cannot be 
due to differences in effector recognition and 
hypothesized that it might be possible that the 
efficiency of different effectors is influenced by 
the TtgV mutant/DNA complex formed with 
either the ttgG or ttgD promoter. To explore 
this hypothesis, we conducted EMSA with 
constant amounts of ttgG and ttgD promoter 
DNA and TtgV or its mutants in the presence 
of 1 mM of effector. Our ITC studies have 
shown that at this concentration (around 50-
fold higher than the KD), TtgV (or its mutants) 
either free or when complexed with DNA was 
entirely saturated with effector. Differences in 
effector-mediated protein release can thus be 
assumed to reflect differences in the efficiency 
of intramolecular domain – domain cross-talk, 
since no significant differences in affinity for 
effectors were measured by ITC. 

The densitometric analysis of the gels 
revealed that TtgV binds slightly better to the 
ttgD promoter (83%) than to ttgG promoter 
(74%). We then analysed in EMSA the series 
of mutants generated in this study. We found 
that all TtgV mutants bound to the ttgD and ttgG 
promoters with an affinity similar to that of TtgV 
and retarded similar amounts of DNA (Figure 4).  

Subsequently, a series of assays were done 
to evaluate the efficiency of ligands to induce 
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protein/DNA dissociation. We found that 1-
naphthol and 4-nitrotoluene induced the release 
of TtgV wild-type protein from both ttgD and 
ttgG promoters as expected, although the 
release was more efficient with 1-naphthol, 
which correlates to the higher level of 
expression achieved from the ttgG promoter 
when induced with this compound. The 
addition of 1-naphthol to each of the TtgV 
mutants in complex with PttgG was able to 
efficiently release them from the operator, 
while release from the PttgD operator was not as 
dramatic. It is of interest to note that the 
inefficient release of TtgVV223A from PttgD 
with 32% of the protein remaining bound while 
less than 10% of the TtgVV223A was bound in 
the case of ttgG promoter. With 4-nitrotoluene 
the release of TtgV and its mutants was less 
efficient when bound to either operator (Figure 
4). We also found that the TtgVQ51A, 
TtgVE102R and TtgVV223A mutants were 
barely released from the ttgD promoter with 
this effector. Since TtgV mutants recognized 
effector with similar affinities but yielded 
different levels and patterns of induction than 
the wild-type protein, the data are consistent 

with the notion that different effectors exhibit 
differring efficiencies in their ability to mediate 
inter- domain signal transmission, and that this 
signal transmission is influenced by mutations 
in TtgV.  
 

DISCUSSION 
Bacteria are exposed to a wide range of 

chemicals produced through their own 
metabolism, as well as those present in the 
surrounding environment. Some of the 
endogenously generated chemicals are waste 
products of cellular metabolism that are 
exported to the outer medium via a wide series 
of transporters (Ramos et al., 2002). The 
TtgGHI and TtgDEF RND pumps 
preferentially extrude one- and two-ring 
aromatic compounds such as BTEX, naphthol 
and others (Rojas et al., 2001). The P. putida 
DOT-T1E TtgDEF efflux pump is 
chromosomically encoded (Mosqueda and 
Ramos, 2000), whereas the genes encoding 
ttgGHI are on a self-transmissible plasmid 
(Rodríguez-Herva et al., 2007). Expression of 
these pumps is regulated by the concerted 

action of two repressors of the IclR family of 
regulators, which are encoded by the 
chromosomal ttgT gene and the plasmid-borne 
ttgV gene (Guazzaroni et al. 2004; Rojas et al., 
2003; Terán et al., 2007). Our previous studies 
have shown that TtgV is the main regulator of 
both efflux pumps in vivo (Terán et al., 2007) 
and hence we have concentrated our efforts in 
the characterization of the TtgV repressor 
protein. 
DSC data available on multidomain protein 

show that frequently the individual domains 
unfold independently in a consecutive manner. 
Due to those reasons DSC has been used in the 
past to study the domain arrangement and 
domain interaction of multidomain proteins 
(Beldarraín et al., 2001; Ruiz-Arribas et al., 
1994; Krell et al., 2003). However, 
transcriptional regulators which are typically 
composed of an effector binding domain and a 
DNA binding domain (Pabo and Sauer, 1992) 
do not appear to follow this trend since for 
example the two domain regulators NmrA 
(Lamb et al., 2003), TetR (Kedracka-Krok and 
Wasylewski (2003), and Crp (Blaszczyk and 
Wasylewski, 2003; Won et al., 2008) were 
found to unfold in a single event. In analogy to 
these results the thermal unfolding of TtgV is 
also characterized by a single unfolding event. 
The tendency of these two-domain 
transcriptional regulators to have a single 
unfolding event can be considered a result of 
the tight functional communication between 
domains. Our DSC data showed that the 
binding of 1-naphthol stabilized TtgV 
denaturation by 8 ºC, although denaturation 
also occurred as a single event (Figure 3), 
confirming the cooperativity that exists 
between the domains of TtgV.  
Guazzaroni and collaborators (2007) 

suggested that valine-223, situated in the 
effector binding domain may be involved in 
some kind of intramolecular communication in 
TtgV since this mutant was less efficient than 
the wild-type protein in its ability to dissociate 
from DNA in the presence of mono- or bi-
aromatic effectors. Later, we found that 
glutamine 51, located in the DNA binding 
domain, could also be involved in interdomain 
communication because the TtgVQ51A mutant 
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was less efficiently freed from the operator 
(Fillet et al, 2009).  
Deficiencies in signal transmission that result 

in defects in the release of a repressor from its 
target promoter have been reported in the case 
of the FapR regulator. Schujman and 
collaborators (2006) proposed that binding of 
the malonyl-CoA effector to FapR provoked a 
disorder-to-order transition of a loop that 
modified the orientation of α-helix linker that 
bridges both domains, thus separating the DNA 
binding domain and the effector binding region. 
Ligand binding induces modifications that are 
propagated by the helical linker to the HTH 
motif, impairing binding to the operator region. 
In the case of FapR, the high flexibility and the 
orientation of the α-helix serves as a conector 
between the malonyl-CoA (effects) domain and 
the DNA binding site. Mutation in the 
connecting α-helix that lead to loss of protein 
flexibility result in FapR mutants being 
deficient in the DNA binding (Schujman et al., 
2006).   
We have solved the 3D structure of TtgV and 

showed that the two domains are linked by an 
extended α-helix (Lu et al., 2010). In the 
present study we have further characterized 
mutants in both domains, as well as constructed 
mutants in residues 98 and 102 that form an ion 
bridge between glutamic acid and arginine 
within the extended α-helix. ITC experiments 
demonstrated that none of these mutations 
significantly altered effector binding affinity, 
whether the protein was in solution or bound to 
DNA. However, EMSA in the presence of 
effectors showed that certain mutants 
(TtgVV223A, TtgVQ51A and TtgVE102R), 
were less efficiently released from the to ttgD 
operator. In terms of protein evolution, this 
observation is consistent with mutations having 
primarily an effect on the mechanism of inter-
domain communication rather than on the 
recognition of effectors and the target DNA 
itself. 
Therefore, in TtgV inter-domain 

communication is a multifactorial process since 
mutations in any of the three structural parts of 
TtgV (effector binding domain, DNA binding 
domain and the linker region) influence of 
hamper interdomain signal transfer.   

Interestingly, we have found that replacement 
of Glu102 by Arg or Arg98 by Glu caused an 
uncoupling of the thermal unfolding of the two 
domains of TtgV. This resulted in opposite 
effects - while R98E mutant did not bind to 
DNA, the E102R mutant still was able to bind 
to target operators and the protein remained 
functional, as shown by β-galactosidase assays 
in vivo and in vitro by EMSA. In vivo we also 
showed that the TtgVE102R protein repressed 
gene expression from ttgD and ttgG promoters 
in the absence of ligands, and that addition of 
effectors to the culture medium lead to a 
modest induction as compared to the TtgV 
wild-type protein.  Double mutants that 
combines a mutation in the linker α-helix with 
mutations in the effector binding pocket (i.e., 
V223A/E102R) and the DNA binding domain 
(i.e., Q51A/E102R) unfolded in two steps. This 
substantiates the independent nature of the 
folding of the two domains and the essential 
role of the interconnecting α-helix in the 
response to effectors. 
Regarding the interconnecting α-helix it is 

worth to note that helix stability is determined 
by helix capping and also by the intrinsic 
propensities of the individual amino acids to 
form helices. R98 and E102 form a helix cap 
and its mutation results in the breaking of this 
helix cap. However among all the 20 natural 
amino acids alanine is the strongest helix 
former and has the highest propensity to form 
α-helices, whereas arginine and glutamate can 
be considered as helix breaker (Chakrabartty et 
al., 1994, Baldwin, 2007). Mutants R98A and 
E102A lead to the rupture of the ion pair, but 
the mutant unfolds in a single event. This might 
indicate that although the helix cap is broken, 
an amino acid replacement with the helix-
forming alanine stabilizes the alpha helical 
conformation of the linker. In contrast 
replacement of R98 and E102 with E and R, 
respectively, firstly break the helix cap and the 
introduced amino acid is considered as helix 
breaker which most likely results in an at least 
partial loss of the helical conformation of the 
linker, which is likely to cause the altered 
unfolding behavior. This interpretation is also 
supported by cd measurements: the 
TtgVE102A mutant has 3 % more alpha helix 
than the TtgVE102R mutant. 
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In summary, this study presents relevant new 
results for the IclR family of regulators, 
showing that the two domains of TtgV are 
tightly associated but can be uncoupled via 
mutations in the α-helix that link them. 
Furthermore, this uncoupling does not 
necessarily result in loss of function but leads 
to differential responses to ligand as deduced 
from in vitro and in vivo data, illustrating the 
importance of intra-molecular domain cross-
talk to TtgV function. 
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Strains and  plasmids Characteristics  Relevant source or references  

P. putida DOT-T1E  Rifr, Tolr Ramos et al., 1995 

P. putida DOT-T1EVT Rifr Kmr Telr ttgV::Km ttgT::kilA/telAB, Tolr Terán et al., 2007 

E. coli BL21 (DE3) F-, ompI hsdSB (r
- B m

- B) gal dem met Novagen 

E. coli DH5α supE44 ∆(lacZYA-argF) U169 deoR (φ80lacZ ∆M15) hsdR17(rK
- mK

-) 
recA1 endA1 gyrA (Nalr) thi-1 relA1 ∆(lacIZY ∆-argF) 

Woodcock et al., 1989 

pMP220 Tcr, promoterless lacZ expression vector Spaink et al., 1987 

pMPD1 Tcr, ttgD promoter cloned in pMP220  Terán et al., 2007 

pANA96 Tcr, ttgG promoter cloned in pMP220 Rojas et al., 2001 

pT1-B6 Apr, pUC18 bearing an 8-kb BamHI fragment with ttgDEF and ttgT Rojas et al., 2001 
  

pGG1 Apr, pUC18 bearing an 8-kb BamHI fragment with ttgGHI and ttgVW Rojas et al., 2001 
 

pANA126  
 

Kmr, pET28b(+) derivative vector used to produce His6-TtgV Rojas et al., 2001 
 

pET28b(+)  Kmr, protein expression vector  Novagen  

pET28b(+)::Q51A 
 

Kmr, pET28b(+) derivative used to produce TtgVQ51A 
 

Fillet et al., 2009 
 

pET28b(+)::E102A Kmr, pET28b(+) derivative used to produce TtgVE102A this work 
 

pET28b(+)::E102D Kmr, pET28b(+) derivative used to produce TtgVE102D this work 

pET28b(+)::E102R Kmr, pET28b(+) derivative used to produce TtgVE102R this work 

pET28b(+)::V223A Kmr, pET28b(+) derivative used to produce TtgVV223A Guazzaroni et al., 2007 

pET28b(+)::Q51A/E102R Kmr, pET28(+) derivative used to produce TtgVQ51A/E102R this work 

pET28b(+)::V223A/E102R Kmr, pET28b(+) derivative used produce TtgVV223A/E102R this work 

pET28b(+)::Q51A/E102R/V223A Kmr, pET28b(+) derivative used to produce TtgVQ51A/E102R/V223A this work 

pBBRN pBBR-MCS5 derivative with an additional NdeI restriction site Fillet et al., 2009 
 

pBBRN::TtgV Gmr; pBBRN derivative vector expressing TtgV Fillet et al., 2009 
 

pBBRN::Q51A Gmr; pBBRN derivative vector expressing TtgVQ51A Fillet et al., 2009 
 

pBBRN::E102R Gmr; pBBRN derivative vector expressing TtgVE102R this work  
 

pBBRN::V223A Gmr; pBBRN derivative vector expressing TtgVV223A this work 

Apr, Cmr, Kmr, Tcr,Telr, Rifr, Tolr correspond to resistance to ampicillin, chloramphenicol, kanamycin, tetracycline, tellurite,  
rifampicin, and toluene, respectively. 
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Supplementary Table 1 
Table representing the αααα-helical content of WT and TtgV mutants. 

 
 % αααα-helix content  
WT TtgV  31.0  
TtgV Q51A  31.5  
TtgVR98E 27.7 
TtgVE102A 27.1 
TtgV E102R  24.3  
TtgV V223A  29.0  
TtgVQ51A/E102R 23.6 
TtgVQ51A/E102R/V223A 27.3 
TtgV E102R/V223A 25.5 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Suppl FIG. 1. Effect of 1-naphthol and 4-
nitrotoluene on the thermal unfolding of TtgV. The 
assays were done in 20 mM Pipes, 8 mM magnesium 
acetate, 150 mM KCl, 1 mM TCEP pH 7.2. The protein 
concentration was 30 µM for all experiments.  

Suppl. FIG. 2.  DSC with mutant TtgVR98E proteins. 
Temperature-dependence of the apparent heat capacity of 
R98E in 20 mM Pipes, 8 mM magnesium acetate, 150 
mM KCl, 1 mM TCEP pH 7.2. The protein concentration 
was 33 µM for all assays and the concentration of 1-
naphthol or 4-nitrotoluene is indicated. 
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DDiissccuussssiioonn  
 

 

Pseudomonas putida DOT-T1E was isolated in 1995 by the scientific personnel at 

the Department of Environmental Protection in Granada. This strain became a model 

organism in solvent tolerance because of its ability to grow in presence of high 

concentrations of solvents (Huertas et al, 1998; Ramos et al, 1998). Studies of the of 

Pseudomonas putida DOT-T1E genome has allowed the identification of three efflux pumps 

TtgABC, TtgDEF and TtgGHI (Rojas et al., 2001; Segura et al., in preparation) as the main 

components of solvent tolerance in P. putida DOT-T1E (Segura et al., 2003). From a 

quantitative point of view, TtgGHI plays the major role in solvent removal. The simple 

presence of this pump in several P. putida strains confers high resistance to toluene and other 

aromatic compounds (Rodríguez-Herva et al., 2007). Despite the high basal expression level 

of the ttgGHI operon, exposure to aromatic compounds increases dramatically its 

transcription rate. The TtgV repressor modulates the expression of this efflux pump and is 

released from its cognate operator in the presence of effectors leading to a higher level of 

transcription. 

 

 

Along my PhD work, our genetic and physiological data have shown that TtgV is not 

only the regulator of the TtgGHI efflux pump; it is also the key repressor of the ttgDEF 

operon (Terán et al., 2007). The ttgDEF/ttgT system is encoded on the P. putida DOT-T1E 

chromosome and plays a role in resistance to solvents. This was particularly seen in a 

TtgGHI pump deficient background (Mosqueda and Ramos, 1999). Surprisingly, ttgGHI and 

ttgV are borne on the pGRT1 megaplasmid (Rodríguez-Herva, et al., 2007), whereas ttgDEF 

is chromosomally-encoded. Footprint assays have demonstrated that TtgV and TtgT bind to 

the same ttgT-ttgDEF and ttgV-ttgGHI intergenic regions, showing a clear cross-regulation 

by the paralogues, and even between both efflux pumps (Terán et al., 2007). These data 

reported in the Mol. Microbiol. by our group (Terán et al., 2007) represented the first 

example of a new way of efflux pumps control. As with a large number of transcriptional 

repressors, TtgV and TtgT control gene expression through the physical occlusion of the 

RNA polymerase (Rojo et al., 2001; Teràn et al., 2003; Yamamoto and Ishihama, 2003, 

Molina-Henares et al., 2006). When TtgV binds its effectors, a series of conformational 

changes occur in the regulator leading to the release of the repressor from the target DNA. 

 

TtgV is able to bind a wide range of aromatic compounds and consequently P. 

putida DOT-T1E can survive in the presence of many different toxic chemicals (Guazzaroni 

et al., 2004 and 2005). As other members of the IclR family, like AllR (Walker et al., 2006) 

or IclR (Yamamoto and Ishihama, 2003), TtgV presents a ligand binding site in its C-

terminal domain. The structure of the C-terminal domain of AllR has allowed us to identify 

potential amino acids involved in binding to effectors (Walker et al., 2006). Guazzaroni and 
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collaborators generated mutants in the putative effector binding pocket of TtgV and found 

that TtgV binds one- or two-ring aromatic compounds with high affinity (µM range, see 

Guazzaroni et al., 2007a). It was also surprising to see that the regions corresponding to the 

effector binding pockets were relatively similar, which is probably why Molina-Henares et 

al. (2006) identified this region as part of the motif that defines the IclR family of regulators. 

In my thesis, I have initially focused on the characterization of TtgV binding to its 

DNA targets. TtgV binds DNA thanks to a wing Helix-Turn-Helix (wHTH) motif (Krell et 

al., 2006). The second helix is known to be involved in the direct recognition of the DNA 

sequence. Mutations in each amino acid of this α-helix enabled us to identify four amino 

acids: R47, T49, R52, and L57 as responsible for the direct interaction with nucleotic acids 

on both promoters (Fillet et al., 2009). The R47 residue is highly conserved within the IclR 

family. These data were confirmed with the resolution of the crystal structure of TtgV that 

identified a residue outside the recognition helix and that we overlooked in our 

bioinformatics analysis. This residue corresponded to Serine 35 (Lu et al., in preparation). 

We then generated mutants at residue 35 and found that replacement of serine by alanine 

resulted in a mutant that was also defective in DNA binding. We deduced from the 

protein/DNA co-crystals, that the extensive interactions between TtgV and DNA induced 

significant distortion within the DNA major groove resulting in a ~ 90° overall bend (Lu et 

al., in preparation). Mobility shift assays revealed that the binding to the ttgGHI operator 

required a perfect conservation of the DNA sequence, whereas only the central part of the 

target sequence was critical for the binding of ttgDEF operator (Fillet et al., 2009). 

Interestingly, the greater homology between the two promoters is located exactly in the 

middle of the 42 pb of the target sequence, corresponding to the critical region for the two 

promoters (Fillet et al., 2009). This set of data support that TtgV exhibits a large degree of 

flexibility in interactions with both intergenic regions. 

 

The TtgV crystal structure, free and bound to its DNA operator in ttgGHI, added 

value to our genetic data and, together with our biochemical and biophysical studies, has 

allowed us a better understanding of the TtgV mechanism of action. We deduced that the 

regulator requires communication between its two domains. TtgV is a tetramer in solution 

(Guazzaroni et al., 2007b; Lu et al., in preparation), which takes the form of a symmetric 

diamond thanks to its C- terminal domains. When TtgV is bound to the DNA, we observed a 

large rearrangement of the tetramer in two asymmetric dimers (Lu et al., in preparation). We 

identified the amino acids crucial for the success of this drastic re-organisation, as I136, and 

a loop that comprised residues 129 to 131 (Lu et al., in preparation). When comparing the 

TtgV structure free in solution with the structure of TtgV in complex with DNA, we 

observed a clear break in the long α-helix that connects the DNA binding domain with the 

ligand binding domain (Figure 1A). This break is exactly located at residue Q86 (Lu et al., in 

preparation). The two domains in each monomer of TtgV exhibit very few interactions and 

we hypothesized that the α4 helix linker could be the communicating element between the 

TtgV domains. To confirm this hypothesis, we decided to construct mutants in two amino 

acids in this helix, namely E102R and R98E. When we studied the thermal unfolding of 

TtgV we found that the regulator was unfolded in one event. Interestingly, this cooperative 
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phenomenon can be uncoupled via mutations in the connecting α-helix (Figure 1B) (Fillet et 

al., in preparation). Moreover, in vivo studies demonstrated that the E102mutant is unable to 

release the DNA promoter in presence of the effector, resulting in strong repression of the 

promoter (Fillet et al., in preparation). In vitro and in vivo data strongly suggest the 

importance of intra-molecular domain cross-talk to TtgV function.  

Data obtained in this thesis, not only provide relevant information on TtgV, but also 

adds solid grounds to understand how proteins of the IclR family work in general terms, and 

also provides new information to understand  the mechanism of action of a large number of 

tetrameric gene regulators. 

 

 

A.      B. 

 

 

 

 

 

 
Figure 1. A, superpose of DNA binding domain, yellow represents TtgV and magenta 

represents the TtgV/DNA complex (see for details Lu et al., in preparation). B, Effect of 1-

naphthol on the thermal unfolding of TtgVE102R. The DSC experiments of the TtgV 

mutants were done without effector (black line) and in the presence of 33 µM (red) and 250 

µM (green) 1-naphthol (for details see Fillet et al., in preparation). 
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CCoonncclluussiioonn  
 

 

1. From a quantitative point of view TtgGHI is the main efflux pump for solvent 

tolerance in P. putida DOT-T1E. Expression of this operon is regulated by 

TtgV. The ttgGHI and ttgV genes are borne on the pGRT1 plasmid, but TtgV 

also controls expression of the chromosomally-encoded TtgDEF efflux system. 

Adjacent to the ttgDEF operon lays a gene encoding a regulator of the IclR 

family and which shares 63 % sequence identity with TtgV. This regulator is 

called TtgT. 

 

2. TtgV and TtgT bind the same operators at the ttgDEF and ttgGHI promoters. 

However, in vivo, TtgV is the dominant repressor of both operons and the 

regulatory activity of TtgT is only detectable in a TtgV-deficient background.  

 

3. TtgV and TtgT are multidrug-binding regulators that recognize a wide range of 

aromatic compounds. However, TtgV and TtgT do not exhibit the same effector 

profile, which results in a wider repertoire of responses to solvents. 

 

4. Effector binding to TtgV or TtgT complexed to target operators leads to the 

release of the repressor from the promoters. 

 

5. The HTH DNA-binding domain of TtgV and TtgT are almost identical, but 

residue 44 is different, i.e. aspartic acid in TtgT instead of leucine in  TtgV. 

TtgV has higher affinity than TtgT for the ttgGHI operator, which suggests that 

residue 44 could be partly, responsible for the difference in  binding affinity to 

target DNA. 

 

6. Four amino acids located in the recognition helix of TtgV are decisive for its 

binding to the ttgDEF and ttgGHI operators, namely R47, T49, R52, and L57. 

The replacement of these residues by alanine resulted in mutants defective in 

DNA binding. 

 

7. TtgV establishes different contacts in each of its two operators. Six amino acids, 

S48, V50, I53, I54, E60 and F61, are relevant for binding to the ttgGHI operator, 

but are not essential for ttgDEF recognition.  

 

8. The operator region at ttgG and ttgD promoters is made up of 42 bp. Base 

composition of operator sequences is important for TtgV recognition. While the 

regulator needs a palindromic central sequence for most favourable binding, the 

sequences at the ends of the operator are more permissible. 

 



 

 104 

9. The 3D structure of TtgV revealed that it is a tetramer and that each monomer is 

made up of two distinctive domains: an N-terminal domain responsible for DNA 

binding, and a C-terminal domain that contains the ligand binding site. Both 

domains are linked by a long α helix (helix α4). No apparent interactions 

between the different domains within each monomer were found. The linker 

helix plays a role in the contacts between monomers and serves to stabilize a 

dimer. TtgV can be defined as a dimer of dimers organized in a symmetric 

diamond. Adjacent dimers interact with each others through two loops that are 

only a a few amino acids long and which act as crossing hands. 

 

10. The thermal unfolding of free TtgV or in complex with 1-naphthol, one of its 

effectors, is characterized by a single event; although binding of 1-naphthol 

stabilizes TtgV by 8°.  

 

 

11. Amino acids R98 and E102 located in the extended helix linker α4 form an ion 

bridge. Mutation of either one of these two amino acids leads to the unfolding of 

the protein in two events, indicating the loss of cooperativity between the TtgV 

domains.  

 

12. The structure of TtgV in complex with its 42 pb ttgG operator showed that TtgV 

self reorganizes in a complex structure characterized by a break in the long helix 

α4. This drastic rearrangement leads to a change in the orientation of the ligand 

binding domain with respect to the DNA binding domain.  

 

13. The extensive interactions between TtgV and DNA induce significant distortions 
in the DNA and provoke a of 90ºDNA bend. The tetrameric interface between 

the β-strands formed by the ligand binding domain is important for the 

maintenance of the tetramer conformation when it is bound to DNA. 
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