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The ability of transcription factors to respond to flavonoids as signal molecules 

was investigated in Lactobacillus brevis. Through in vitro screening of a small library of 

flavonoids, LVIS1989 (KaeR), a LysR type transcriptional regulator (LTTR), was 

identified as responsive to kaempferol. The modulation of KaeR activity by flavonoids 

was characterized in vivo and in vitro. DNase I footprint analysis identified the binding of 

KaeR at two distinctive sites, one in the intergenic region between LVIS1988 and 

LVIS1989 (-39 to +2) and another within LVIS1988 (-314 to -353, from kaeR translation 

start point). Electrophoretic mobility shift assays (EMSAs) revealed that both binding 

sites are required for KaeR binding in vitro. Furthermore, KaeR–DNA interactions were 

stabilized by the addition of kaempferol (20 μM). In vivo qRT-PCR experiments 

performed in L. brevis confirmed that the divergently transcribed genes LVIS1986, 

LVIS1987, and LVIS1988 and kaeR are up-regulated in the presence of kaempferol, 

indicating the role of KaeR as a transcriptional activator. Transcriptional lacZ fusions 

using Bacillus subtilis as a surrogate host showed that expression of kaeR was induced 

by the presence of the flavonoid. These results indicate that KaeR belongs to a small 

and poorly understood family of LTTRs that are positively autoregulated by a ligand. 
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CHAPTER 1 
INTRODUCTION 

Flavonoids 

Flavonoids are plant derived polyphenolic compounds which act as a first line of 

defence against environmental stress conditions. In plants, flavonoids are responsible 

for fruit and flower coloration. Flavonoids role in plant protection against environmental 

stress conditions has been extensively studied. In general, plant flavonoids are induced 

under excess light, cold, and drought conditions (Tatinni et. al., 2004; Li et al.,1993). 

Flavonoids quench the reactive oxygen species generated as a result of these stress 

conditions. Flavonoids also offer a competitive advantage to the plants. The allelopathic 

role of flavonoids has been shown in Centaurea maculosa. Bais et al. (2003) reported 

that Centaurea maculosa weed roots secrete (-)-catechin which inhibits the growth of 

the native plants. Flavonoids also possess antimicrobial properties against pathogenic 

fungi and bacteria which affect the plant health through foliage loss and reduced growth 

rate (Close and McArthur, 2002). The flavonoids are also responsible for the signaling 

of symbiotic relationship between leguminous plants and Rhizobia. Leguminous plants 

exude flavonoids which are sensed by Rhizobia activating the transcription of the genes 

involved in nodulation (Brencic and Winans, 2005). 

Dietary Flavonoids and Health 

Flavonoids possess antioxidant and radical scavenging properties (Rice-Evans et 

al., 1997). Flavonoids are suggested to mediate anti-depressant or anti-parkinson’s 

activity and possess anti-inflammatory properties (Jäger and Saaby, 2011). 

The role of the green tea flavonoids (−)-epicatechin and its derivaties in cancer 

prevention has been suggested using mouse model studies (Mantena et al., 2005; 
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Wang et al., 1992; Baliga and Katiyar, 2006). In studies by Fraga et.al. (2011), it was 

suggested that flavonols lower blood pressure by maintaing optimal NO levels and 

decreasing the concentration of superoxide anions in blood vessels. 

A 24 year study carried out in Finland using 9,959 human subjects ranging in age 

from 15 to 99, suggested that flavonoids could have the potential to reduce lung cancer 

incidence (Knekt et al., 1997). Another study carried out over five years with 805 human 

subjects aged 64 to 84 showed that the consumption of flavonoids, in particular 

quercetin, kaempferol, myricetin, apigenin,and luteolin, was inversely proportional to 

mortality from coronary heart disease (Hertog et al.,1993). Flavonoids are also 

suggested to protect the tissues from lipid peroxidation which is thought to be involved 

in atherosclerosis, chronic inflammation and cancer (Le Marchand, 2002; Middleton et 

al., 2000; Hollman and Katan, 1999). However, the studies carried out to prove 

anticarcinogenic and cardioprotective effects of flavonoids are not conclusive. 

Flavonoids Classification 

The basic structure of flavonoids consists of two benzene rings (A and B) 

connected through central pyrone ring (C). Flavonoids are classified into the following 

classes based upon the structural differences (Table 1-1)- 

Flavones 

The flavones structure is planar. It consists of a double bond between positions 2 

and 3 of the C ring. The C-ring is connected to the B-ring at position 2. The B ring has a 

hydroxyl group at position 4’. Flavones are found in red peppers, apple skins and 

celeries (Griffiths and Smith, 1972b; Aura, 2005). The examples of flavones are luteolin 

and apigenin. 
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Flavonols 

The flavonols have a planar ring structure. The B ring is connected to the pyrone 

ring at position 2. The C- ring fission occurs at positions between bonds 1 and 2, 3 and 

4 as well as between 4 and 10. Examples of flavonols are quercetin, kaempferol and 

myricetin. These are found in onions, apples, red wine, broccoli and tea. 

Flavanone 

The Flavanone structure is not planar and lacks a double bond between positions 

2 and 3 of the central pyrone ring. Flavanones are degraded through C-ring fission at 

positions between 1 and 2 as well as 4 and 10. Citrus fruits, grape fruits are abundant in 

flavanone. Examples of flavanone are hesperitin and naringenin. 

Flavan-3-ols 

The flavan-3-ols ring structure is not planar. The C ring of flavan-3-ols does not 

harbor a carbonyl group. Flavan-3-ols are found in fruits, tea, and wine. Some of the 

examples of flavan-3-ols are catechin, epicatechin and epigallocatechin. 

Anthocyanins 

The anthocyanin structure is planar. The central C ring lacks the carbonyl group 

found in flavones. There are double bonds between positions 1 and 2 as well as 3 and 4 

of the C-ring. These are present in fruits and flowers and are responsible for fruit and 

flower coloration. Cherries, grapes, plums, raspberries, strawberries, peaches and 

apples are abundant in anthocyanins. 

Isoflavones 

The isoflavone structure is planar. It differs from the rest of the flavonoids since A-

ring is connected to the central C-ring at position 3. Soybeans are rich in flavonoids. 

Examples of isoflavones are daidzein and genistein. 
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Microbial Modification of Flavonoids 

Complex flavonoids cannot be absorbed directly in the gastrointestinal tracts of 

humans. Instead, they are further broken down by the gut microbiota into smaller 

compounds with higher biological activity (Selma et al., 2009). Flavonoids are usually 

conjugated to sugars and organic acids in their natural state. Hence, most studies on 

flavonoid degradation are carried out with flavonoid glycosides. These studies 

suggested that the first step of degradation involves deconjugation, i.e. cleavage of 

sugar moiety from the flavonoid producing aglycones (Aura, 2005). 

Flavonoiddegradation takes place through the central C-ring fission. The degradation 

products formed depend upon the position of the C ring cleavage and number of 

hydroxyl groups present (Selma et al., 2009). 

Some microorganisms isolated from human fecal sample are able to degrade 

flavonoid. For example, Winter et al. (1989) showed that Clostridium strains could 

cleave quercetin, kaempferol, naringenin to 3,4-dihydroxyphenyl acetic acid, 4-

hydroxyphenyl acetic acid and phenylacetic acid respectively. Eubacterium ramulus 

could cleave genistein to 6-hydroxy-O-desmethylangolensin and 2-(4-hydroxyphenyl)-

propionic acid (Schoefer et al., 2002). Similarly, Braune et al. (2001) suggested that this 

bacterium degrades luteolin to 3, 4-dihydroxyphenyl-propionic acid (from the B and C 

rings) and phloroglucinol (from A ring). Griffiths and Smith, (1972a) showed that the rat 

intestinal microbiota could cleave apigenin to p-hydroxyphenylpropionic acid, p-

hydroxycinnamic acid and p-hydroxybenzoic acid whereas myricetin was degraded to 3-

hydroxyphenyl acetic acid, 3,5-dihydroxyphenyl acetic acid and 3, 4, 5-trihydroxyphenyl-

acetic acid (Griffiths and Smith, 1972b). Naringinin, a naringenin glycoside, is reported 

to be degraded to phloroglucinol and 3-phenylpropionic acid by colonic microflora 
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(Rechner et al., 2004). Catechin and epicatechin were cleaved to 3-hydroxyphenyl-

propionic acid, 3’, 4’-dihydroxyphenyl-ϒ-valerolactone, 3-hydroxyphenyl- ϒ-

valerolactone, 3-hydroxyhippuric acid by human fecal microflora (Tzounis et al., 2008). 

Anthocyanin is degraded to 3, 4-dihydroxybenzoic acid (Vitaglione et al., 2007).  

Taken together, these studies showed that the gut microbiota is involved in 

flavonoids degradation and suggest that degradation happens through the C-ring 

fission. However, the detailed mechanism is unknown. 

Modification of Flavonoids by Lactic Acid Bacteria (LAB) 

Lactic Acid Bacteria (LAB) is a group of bacteria that ferment hexoses primarily to 

lactic acid. These Gram-positive bacteria are non-pathogenic, microaerophilic or 

anaerobic, and do not sporulate. LAB group includes the genera Lactobacillus (Lb.), 

Enterococcus (E.), Lactococcus (Lc.), Aerococcus (A.), Pediococcus (P.), Leuconostoc 

(Ln.), Vagococcus (V.), Carnobacterium (C.), Tetragenococcus (T.), Weissela (W.) and 

Oenococcus (O.). LAB are usually found in diverse niches such as the gastrointestinal, 

vaginal and urogenital tracts, fermented fruits and vegetables, meat and dairy products. 

LAB are considered GRAS (generally regarded as safe) microorganisms, and many 

species are used as probiotics. 

Most of the LAB are used as the starters for the dairy, meat and food 

fermentations (Leal-Sanchez et.al., 2003). Many genera are involved in the fermentation 

of olives, cabbage, cucumbers, eggplants, caper berries and grape must. L. brevis and 

L. plantarum are some of the Lactobacillus species isolated from these environments. 

Interestingly, the flavonoid content in the berries help in inhibiting the growth of the 

Gram-negative and pathogenic bacteria without affecting the growth of lactobacilli 

(Puupponen-Pimiä et al., 2001). There is scarce information on the LAB interaction with 
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the flavonoids. Most of the studies performed are limited to the deconjugation step. The 

formation of biologically active aglycone is due the high β-glucosidic activity of many 

LAB species (Di Cagno et al., 2010; Chun et al., 2007; Pham and Shah, 2009; López de 

Felipe et al., 2010). No studies are reported on the degradation of the aglycone form of 

the flavonoids. 

Modulation of Gene Expression 

Bacteria are exposed to the changing environmental conditions, such as nutrient 

and oxygen limitations, temperature changes and various other stress conditions. In 

order to quickly adapt to the new environment the genes involved in maintaining cell 

homeostasis, competition or survival should be expressed in temporal fashion.  

In prokaryotes, protein levels can be controlled at the level of mRNA synthesis 

(transcriptional initiation, elongation or termination), synthesis of protein (translation) or 

post-translationally by protein modifications (such as phosphorylation). In bacteria, most 

genes are regulated at the level of transcription initiation by the use of alternative sigma 

factors, one component and two component systems. For example, σS upregulates 

around 500 genes involved in survival during starvation conditions and stationary phase 

in Escherichia coli (Weber et al., 2005). 

Two-component systems are named after the two proteins involved in the 

pathway: a sensor kinase located inserted in the  membrane and a response regulator 

in the cytoplasm. When an environmental signal (i.e., changes in pH, osmolarity) is 

recognized by the membrane bound sensor kinase, the protein is autophosphorylated. 

As a result, the sensor kinase transfers the phosphoryl group to the response regulatory 

protein, which then binds the DNA and in most cases activates transcription (Figure 1-

1).  
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One component response regulatory systems are traditionally known as 

“transcription factors”. One component regulatory systems are the most abundant in 

prokaryotes (Ulrich et al., 2005). In a one component regulatory system, the effector 

binding domain (EBD) and DNA binding domain (DBD) are present in the same protein. 

Once a signal molecule is present in the cellular environment, it interacts with the 

effector-binding domain of the protein. This interaction is thought to cause a structural 

rearrangement that leads to transcriptional activation or repression, depending on the 

particular gene and the environmental stimulus (Figure 1-1). 

The number of transcription factors varies in different microorganisms. It was 

found that the percentage of transcription factors was correlated with the changing 

environmental conditions to which the microorganism is exposed to rather than the 

genome size (Ulrich et al., 2005). Transcription factors are divided into more than 50 

families based upon their similarity in the DBD (Minezaki et al., 2006). 

Transcription factors interact at the specific binding sites within the promoter 

region. Transcription factors can be found in different oligomeric forms such as, dimers, 

tetramers, or heterodimers. These proteins recognize on average 16-30 nt long 

palindromic or pseudopalindromic sequences on DNA (Schell, 1993; Rodionov, 2007). 

Binding of the transcription factor (TF) to the DNA may result in repression or activation 

of the gene expression. 

Repressors may interact at the RNA polymerase (RNAP) binding site inhibiting the 

RNAP access to the promoter region by steric hindrance (Figure 1-2). For example, the 

binding of LacI overlaps the lacZYA promoter inhibiting the RNAP access to the 

promoter (Müller-Hill, 1996). 
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The repressor binding site also can be found further downstream of the promoter 

region that hinders the RNAP movement and blocks the transcription elongation (Figure 

1-2B). For example, PurR in E. coli interacts at a site 242 bp downstream from 

transcription start site of purB (He and Zalkin, 1992). 

Repression can also be achieved by looping mechanism which inhibits RNAP 

access to the promoter. In the E. coli gal operon, two operator sites are found. The two 

sites are located around -60 and +53 positions relative to the galE transcription start site 

(Müller-Hill, 1998). Repression is achieved by a looping mechanism due to the GalR 

repressor binding at the two operator sites. 

Another mechanism of repression by steric hindrance can be exemplified by CytR. 

The transcription factor CytR modulates the interaction capability of the catabolite 

activator protein (CAP) (also known as cyclic AMP receptor protein, CRP) with the 

RNAP. CytR interacts at a site located between the two CAP binding sites which 

prevent further interactions with the α-subunit of the RNAP. Thus transcription initiation 

is prevented (Figure 1-2C) (Shin et al., 2001). In absence of active repressor (in the 

presence of cytidine), CAP interaction with RNAP stabilizes RNAP binding to the 

promoter thus enhancing the transcription from the promoter (Figure 1-2F). 

Small molecules modulate the affinity of the TF to the binding sequence. 

Corepressors increase the TF’s affinity for the binding sequence, and inducers 

decrease the affinity (Figure 1-2). For example, allolactose acts as an inducer lowers 

LacI binding to the operator. Tryptophan acts as a corepressor by interacting with the 

inactive TrpR protein. The ligand interaction changes TrpR conformation which 

increases TrpR affinity to the Ptrp.  
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Transcriptional activators usually interact upstream or adjacent to -35 elements 

depending upon the type of promoter. For example, CRP binds at position -41 in class II 

promoters (Zheng et al., 2004) (Figure 1-3A). In class I promoters, CRP binds upstream 

of the -35 element at positions -62, -72 and -92 (Figure 1-3B). The mechanism of 

activation depends on the type of promoter as well. In class I promoters, activation is 

achieved by the interaction of the transcriptional regulator with the RNAP α- carboxy 

terminal domain (α- CTD). This allows the RNAP to strongly interact with the promoter 

(Figure 1-3B). In class II promoters gene activation is achieved by the interaction 

between the activator and the α-NTD as well as σ subunit of the RNAP (Figure 1-3A) 

(Browning and Busby, 2004). 

Some transcription factors can behave as both repressors and activators under 

different conditions (Figure 1-4). For example, AtzR under standard growth conditions 

(explained below in detail) represses transcription from the promoter by inhibiting RNAP 

access. In the presence of cyanuric acid and under nitrogen limiting conditions, the 

AtzR interaction site is shifted further upstream to the -35 site. The shift in the binding 

site allows the RNAP access to the promoter and the genes atzDEF are transcribed 

(Porrúa et al., 2010). Similarly, the OxyR transcription factor in reduced state binds at -

35 site (extended form) (Figure 1-4A). Under oxidizing conditions, an allosteric change 

in the TF causes shift in the OxyR binding site (compact form) which allows RNAP 

interaction at the promoter (Toledano et al., 1994) (Figure 1-4B).  

Some repressors interact at several sites in the promoter and stimulate DNA 

looping. The DNA looping prevents RNAP access to promoter and thus inhibits 

transcription (Figure 1-4C). In the araBAD operon, AraC interacts at two sites and 
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bends the DNA. This looping inhibits RNAP access to the promoter (Figure 1-4C). In the 

presence of the inducer arabinose, the repressor changes conformation and allows 

activation of transcription from the promoter (Figure 1-4D). The araBAD operon is also 

under catabolite repression control (Schleif, 2003). 

Another mechanism of transcription activation is found in the MerR family of 

transcription regulators, which act by inducing changes in the DNA conformation (Figure 

1-4). Interaction of MerR with the promoter leads to a conformational change in the 

DNA. In the absence of Hg (II), the RNAP can weakly bind the promoter, and the open 

complex formation is inhibited (Figure 1-4E). In presence of Hg (II), a stable complex is 

formed between RNAP: DNA: MerR and Hg (II). Within the complex, the active 

MerR:Hg(II) reorients the promoter region to initiate transcription by allowing the 

formation of the open complex (Figure 1-4F) (Brown et al., 2003; Heldwein and 

Brennan, 2001). 

Some transcriptional activators do not require binding of the protein to the DNA. 

Under specific conditions, the TF interacts directly with the RNAP to initiate transcription 

without binding to the DNA. For example, the bacteriophage N4 single-stranded DNA 

binding protein (N4SSB) upregulates transcription from the N4 late promoters in E. coli. 

The gene expression is achieved by a direct interaction of the N4SSB protein with the 

carboxy terminus of the RNAP β subunit (Figure 1-3C) (Miller et al., 1997). 

Classification of Transcription Factors 

Bacterial transcription factors are classified based upon sequence identity and the 

presence of structural motifs involved in DNA recognition. In prokaryotes, the most 

common folds are the helix turn helix (HTH) and the winged helix turn helix (wHTH). 

The location of the DNA binding regions varies, and they can be found in the N-terminus 
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(i.e., Fur and LacI families), C-terminus (i.e., LuxR and OmpR families), or in the center 

(i.e., ArsR and MarR families) of the protein. 

The HTH DNA-binding domain is the most common motif found in bacterial 

transcription factors. It consists of two helices, helix 2 and 3 connected through a short 

turn. Glycine is the most conserved residue in the turn that connects the two helices. 

helix 1 is necessary for stabilizing HTH structure. The helix 2 and helix 3 are positioned 

120° from each other. The helix 3 interacts with the DNA at the major groove; hence it is 

called a recognition helix. The TetR, LacI and Fis families are some examples that 

contain this fold. 

The winged helix turn helix motif is a variation of the HTH motif. It consists of an α/ 

β structure comprising three helices (α1, α2, and α3), three beta strands (β1, β2, and 

β3), and two wings/turns (W1 and W2). The arrangement is α1-β1-α2-α3-β2-W1-β3-W2. 

The α2-α3 makes up the helix-turn-helix motif where the α3 is involved in the DNA 

interaction at the major groove (recognition helix). The structure of the wHTH domain 

structure resembles that of a butterfly with W1 and W2 representing the wings and α3 

as the thorax. Hence, the motif is named winged helix turn helix. This fold can be found 

in the MarR, OmpR and IclR families. 

Rodionov (2007) identified the number of transcription factors from 230 sequenced 

genomes of prokaryotic organisms. The predictions were based upon profile Hidden 

Markov Models (HMMs) (Kummerfeld and Teichmann, 2006) using the PFAM (Finn et 

al.,2006) and SUPERFAMILY (Wilson et al., 2007) databases. The major transcription 

factor families from this study are summarized in Table 1-2. The study suggested that 

the LysR type transcription regulators are most abundant in prokaryotes followed by the 
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AraC and TetR families. However, the number of transcriptional regulators in different 

microorganisms do not necessarily follow a similar trend. For example, MarR and IclR 

are the largest families in B. subtilis (Moreno-Campuzano et al., 2006) and Bordetella 

species (Molina-Henares et al., 2006) respectively. However, in L. brevis the largest 

family is MarR (Lorca, unpublished). 

Transcription Factors Responding to Flavonoids 

There are very few transcription factor families known to respond to flavonoids. 

Most of the transcription factors that have been identified are believed to regulate genes 

required to survive the antimicrobial properties of flavonoids. These TFs have been 

discovered in several different families including TetR (LmrA, YxaF, and TtgR), MarR 

(YetL), LuxR (RhlR), and LysR (NodD). However, NodD is the only characterized 

protein that senses flavonoids in a specific mode. NodD mediates the upregulation of 

Rhizobium genes involved in nodulation. 

The mode of regulation of the transcription factors responsive to flavonoids are 

described below. 

Members of TetR Family Responsive to Flavonoids 

TtgR from the non-pathogenic water and soil bacterium Pseudomonas putida 

negatively regulates ttgABC transcription. The ttgR gene is negatively autoregulated 

(Teran et al., 2003). The TetR family members contain a N-terminal DNA binding 

domain and a C-terminal effector binding domain. The genes in the ttgABC operon 

encode for a multidrug efflux pump TtgABC which is involved in detoxification of 

structurally unrelated antimicrobial compounds like antibiotics, dyes, biocides thus 

conferring multidrug resistance to P. putida (Teran et al., 2003). Using gene reporter 

assays, it was observed that the expression of the ttgABC operon was also activated in 
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presence of the flavonoids. Direct binding experiments with TtgR using isothermal 

titration calorimetry (ITC) confirmed the results (Teran et al., 2006). It was suggested 

that the response of TtgR from P. putida to the flavonoids is nonspecific and is 

functioning as a resistance mechanism to the antimicrobial properties of the flavonoids. 

The yxaF gene found in B. subtilis is oriented in the same direction as that of its 

target genes yxaGH (Hirooka et al., 2007). Microarray analysis and genome wide 

computational analysis were used to find the YxaF regulated genes. The gene yxaG 

encodes for a quercetin 2,3-dioxygenase (Bowater et al., 2004), and yxaH encodes for 

an uncharacterized membrane protein. Using yxaGH promoter: lacZ fusion reporter 

assays it was suggested that quercetin acts as an inducer. Electrophoretic mobility shift 

assays (EMSA) using different flavonoids showed that fisetin, tamarixatin and galangin 

also inhibited the interaction of YxaF with the yxaGH promoter (Hirooka et al., 2007). 

Members of MarR Family Responsive to Flavonoids  

The MarR member yetL is divergently transcribed to yetM, which encodes a 

putative FAD-dependent monooxygenase (Hirooka et al., 2009). DNA microarray 

analysis showed that transcription of yetM is enhanced in yetL mutants. EMSA studies 

suggested that YetL interacts with yetL and yetM promoters, but the addition of 

flavonoids prevents this interaction. These results were further supported by yetL and 

yetM: lacZ reporter assays. It was proposed that the regulation of yetM by YetL in 

response to flavonoids is a survival strategy used by B. subtilis in flavonoid rich 

environments (Hirooka et al., 2009). 

Members of LuxR Family Responsive to Flavonoids  

Vandeputte et al. (2010) demonstrated that bark extract from Combretum 

albiflorum could inhibit a signal transduction pathway that is mediated by quorum 
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sensing factors. HPLC analysis suggested that catechin was one of the active 

compounds in this bark extract. Using Pseudomonas aeruginosa and E. coli as 

biosensor strains, it was shown that catechin inhibited sensing of C4-HSL through the 

RhlR transcriptional regulator (Vandeputte et al., 2010). In agreement with these 

observations, it has been demonstrated that the plant genes involved in flavonoid 

biosynthetic pathways were up regulated in response to homoserine lactones 

suggesting an antimicrobial role for flavonoids (Mathesius et al., 2003). 

Members of LysR Family Responsive to Flavonoids 

NodD from Rhizhobium leguminosarum responds to flavonoids by inducing the 

expression of multiple genes involved in promoting nodulation in leguminous plants. 

There is a symbiotic association between Rhizhobium and plants. The plants get 

benefited due to the bacterial fixation of atmospheric nitrogen to ammonia (N2 to NH3), 

and the bacteria receive a carbon source from the plant. Multiple copies of the nodD 

gene are present in different strains of Rhizobia. One or two copies are present in R. 

leguminosarum bv. viciae and Rhizobium sp strain NGR234, respectively (Downie et al., 

1985). Three copies are present in R. leguminosarum bv. Phasoeli (Davis and 

Johnston, 1990). While most of the NodD proteins respond to flavonoids, in R. meliloti it 

was found that NodD3 does not require an effector molecule to activate gene 

expression (Swanson et al., 1993).  

Based on EMSA and DNase I footprint assays, it was suggested that the 

interaction of NodD3 with DNA binding sites (nod boxes) leads to DNA bending, and 

this activates transcription from the promoter (Fisher and Long, 1993). However, the 

effect of the flavonoids was not evident in this case, possibly because the 

overexpression of NodD3 was sufficient for the up regulation of nodABC genes 
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(Mulligan and Long, 1989). The ability of NodD to react to different flavonoids is related 

to the plant host range of the bacteria (Broughton and Perret, 1999). 

It was also found that nod genes are also under negative regulation. In R. meliloti, 

NolR, a NodD homologue, negatively regulates the genes involved in nodulation. In 

addition, NodD interacts with a 47 bp sequence (containing the palindromic sequence 

ATC-N9-GAT) in R. leguminasarum. (Wang and Stacey, 1991; Fisher and Long, 1993). 

Variation from this motif in different strains also has been reported. Understanding of 

NodD interaction with flavonoids is mostly based upon genetic analysis and mutational 

studies. Thus, there are no direct binding experiments supporting that flavonoids bind to 

NodD (van Rhijn and Vanderleyden, 1995). 

The LysR Family of Transcription Regulators (LTTRs) 

Introduction 

LTTRs are one component transcription factors with a DNA binding domain and 

effector binding domain in the same regulatory protein. LTTRs are the most abundant 

transcription factors in prokaryotes (Pareja et al., 2006; Rodinov, 2007). They are 

involved in regulating genes required for diverse activities. Some examples of genes 

regulated by LTTRs include virulence, sporulation, antibiotic resistance, and DNA 

replication genes (Maddocks and Oyston, 1993). 

Domain Arrangement of LTTRs 

The domain arrangement is shown in Figure 1-5. The 90 amino acids in the N-

terminal in LTTRs form the DNA-binding domain. Within this domain, residues 23 to 43 

form the wHTH (Schell, 1993; Maddocks and Oyston, 2008). The wHTH motif is 

connected to linker helix through hinge 1. Hinge 1 allows flexibility to wHTH during 

interaction with DNA. Most LTTRs are 300 amino acids long with residues 90 to 300 
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being involved in the formation of the regulatory domain. The wHTH is connected to the 

regulatory domain by a linker helix through hinge 2. The regulatory domain is divided 

into two subdomains: regulatory domain I (RDI) and regulatory domain II (RDII) 

(Muraoka et al., 2003; Tyrrell et al., 1997). Usually the last 30-40 amino acids (C-

terminal) are also part of RDI. Although the exact mechanism of this interaction is not 

known, it has been suggested that the C-terminal 40-60 amino acids are involved with 

DNA interaction (Schell et al., 1990; Lochowska et al., 2001). RDI and RDII are 

connected by two crossover regions (in Figure1-5 these are labeled 3a and 3b), which 

form a hinge or cleft region (hinge 3) (Muraoka et al., 2003). It is suggested that 

residues from 95 to 210 are involved in ligand interaction in this cleft (Jorgensen and 

Dandanell, 1999). Hinge 3 is also suggested to play a role in structural rearrangements 

after the ligand interaction (Muraoka et al., 2003; Zhou et al., 2010). 

LTTRs DNA Binding Sites 

LTTRs usually interact at two sites on the DNA, which are called the activator 

binding site (ABS) and the repressor binding site (RBS). When the LTTR mediates gene 

activation, the ABS is generally found near the -35 position, and the RBS is located near 

the -65 position, with respect to the transcription start site. Because in most cases the 

TF is divergently transcribed from the regulated genes, the RBS overlaps the promoter 

for the LTTR (Figure 1-6). However, binding sites have sometimes been found as far 

downstream as the +350 position of the regulated gene (Porrúa et al., 2007; 

Viswanathan et al., 2007b). The sequence at RBS is a palindromic T-N11-A (ATC-N9-

GAT); although variation in this sequence has been reported (Toledano et al., 1994; 

Hryniewicz and Kredich, 1995; Grob and Guiney, 1996; Lehnen et al., 2002). In 

contrast, the ABS sequence is highly variable. The ABS is a secondary site for LTTR 
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interactions, and studies show that it is involved in activation. On the other hand, the 

RBS is generally a strong binding site and is required for gene repression (Porrúa et al., 

2009). LTTRs usually recognize the dyad symmetry in the binding sequences. However, 

it has been suggested that the direct repeats within the promoter region of NodD are 

involved in the binding of NodD to the promoter (Wang and Stacey, 1991; Fisher and 

Long, 1993). 

Mode of Regulation 

Mode of Gene Regulation by LTTRs 

According to the classical model of gene regulation by LTTRs, the gene encoding 

the LTTR is constitutively transcribed. Once the LTTR is present in the cellular 

environment, it binds in the promoter of the “target” gene at the ABS and RBS (Figure 1-

6). Next, the two dimers interact with each other, promoting DNA bending. As a result, 

gene expression is inhibited. This model has been inferred from multiple studies, 

including those performed with CysB (Hryniewicz and Kredich, 1994), AtzR (Porrúa et 

al., 2010), and OxyR (Toledano et al., 1994). Once an inducer molecule is present in 

the cellular environment, it interacts in the hinge 3 region of the TF between regulatory 

domain I and regulatory domain II (Muraoka et al., 2003; Parsek et al., 1992; Craven et 

al., 2009; Tyrrell et al., 1997) leading the LTTR structural rearrangement. The structural 

rearrangement causes the dimer overlapping the target gene promoter to shift further 

upstream. This movement results in a relaxation of the DNA bend as a result the RNA 

polymerase is able to access the promoter which allows transcription initiation from the 

promoter. This mechanism explains the role of LTTRs as transcriptional activators. 

Recently, the structure of ArgP (Zhou et al., 2010) was elucidated, which 

explained at the molecular level the results proposed in the classical model of regulation 
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discussed above (Figure 1-6). ArgP is a tetramer in solution. In the crystal structure of 

ArgP, two forms of dimers were observed: one dimerized through DNA-binding domains 

and the other through regulatory domains. The authors proposed that ArgP interacts 

with its promoter as a dimer at a high affinity site (RBS). This favors the interaction with 

a second dimer through the C-terminal regulatory domains of ArgP, and thus it favors 

tetramerization. The second dimer in the tetramer interacts with the low affinity site 

(ABS) in the target gene promoter region (extended form of the protein). It was also 

observed that the DNA binding domains in ArgP (as discussed in Chapter 4) were along 

one face of the tetramer, and the regulatory domains were present on the other. Within 

the regulatory domain, a cleft that can accommodate the ligand was observed. 

However, the effector was not co-crystallized with ArgP. It was suggested that once the 

ligand binds to the ArgP effector binding doman, it would shift the ArgP binding sites in 

the ABS and allow the RNAP to access the promoter. These observations are 

supported by results seen in nitrogen assimilation control protein (NAC) from Klebsiella 

pneumoniae. In NAC, it was suggested that the two forms of the tetramers, compact 

and extended, were present in the absence of physiologically relevant coinducers. It 

was proposed that NAC could adopt two forms to recognize different promoter binding 

sites under different physiological conditions (Rosario et al., 2010). 

In a few cases the small molecules that modify the activity of LTTRs transcription 

factors have been elucidated. In some cases, like that of NodD3 (Mulligan and Long, 

1989), LrhA (Lehnen et al., 2002), SpvR (Grob and Guiney, 1996), it has been 

suggested that an abundance of the transcription factor was sufficient for transcriptional 

activation. These conclusions were based on the target promoter:lacZ fusion studies. 
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Many genes regulated by LTTRs have been identified (For a review, see Schell, 

1993; Maddocks and Oyston, 2008). Some representative examples were chosen to 

illustrate the different modes of regulation discovered. 

Negative Gene Regulation by LTTRs 

LrhA regulation of the flhDC operon 

LrhA is a member of a small group within LTTRs which negatively regulates their 

target genes (Lehnen et al., 2002). The flhDC operon is involved in flagella 

biosynthesis. LrhA negatively regulates the expression of these genes by binding to the 

promoter region. DNase I footprint assays showed that LrhA interacts at -89 to -129 

positions, relative to transcription start site by binding to the sequence 

ATGACTTATACAT (AT-N9-AT). The effector molecule that modulates the binding of 

LrhA to this promoter have not been identified. A translational fusion of flhDC to lacZ 

showed that flhDC expression was up regulated in a lrhA mutant. Similar upregulation 

was observed in genes involved in motility, chemotaxis, and flagella biosynthesis. 

However, EMSA analysis showed that LrhA only interacts with PlrhA and PflhD promoters, 

and the upregulation of the other genes was indirect. 

HexA regulation of virulence genes in Erwinia carotovora 

HexA is responsible for regulating the expression of several genes involved in the 

virulence of the plant pathogen Erw. carotovora. HexA has high sequence identity 

(64%) to LrhA from E. coli. Unlike classical LTTRs, hexA is not associated with the 

target genes. In hexA mutants, an increase in production of pectate lyase, protease, 

and cellulase enzymes as well as higher motility was observed. EMSA experiments 

showed that repression is achieved by binding of HexA in the pelC promoter, the 

promoter for pectate lyase (Harris et al., 1998). 
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Positive Gene Regulation by LTTRs 

AtzR regulation of atzDEF  

This is an example of classical mode of gene regulation by LTTRs. AtzR from 

Pseudomonas sp. ADP acts as an activator for the genes atzDEF in response to 

cyanuric acid and under nitrogen limiting conditions (Porrúa et al., 2007). DNase I 

footprint assays showed that AtzR interacted with a binding region in the PatzDEF at one 

binding site. This binding site was named as activation binding site (ABS) since it is 

located around -35 region of the PatzDEF. Three sequences within the ABS were found 

and named as ABS1, ABS2 and ABS3 In addition, AtzR also bound to a sequence 

within the divergently oriented PatzR. The site overlapping PatzR was named as 

repression binding site (RBS) since it is involved in atzR auto repression (Porrúa et al., 

2007). Further hydroxyl radical footprint suggested that ABS and RBS are located on 

the same face of the helix (Porrúa et al., 2010). Based upon atzD-lacZ fusion studies, 

the investigators found that ABS3 situated immediate downstream from the -35 element 

of PatzDEF was mainly responsible for the transcription repression of this promoter. The 

sequences at the three sites were GTCG-N6-GGCG-N7-AGTG (the ABS1, ABS2, and 

ABS3 are underlined). The sequence at the RBS was GTGC-N7-GCAC (Porrúa et al., 

2010). 

As per the proposed mechanism of regulation, under regular conditions, AtzR 

binds to ABS2 and ABS3 sequences (the extended form of the protein). Once the 

effector molecule cyanuric acid is added, AtzR binds preferentially to ABS1 and ABS2 

(the compact form of the protein). This structural change allows the RNA polymerase 

access to the promoter, thus enhancing gene transcription (Porrúa et al., 2010). 
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SpvR regulation of spvABCD 

The spv regulon from Salmonella dublin consists of spvR, encoding LTTR 

homologue and four structural genes, spvABCD, which are up regulated in the 

stationary phase (Coynault et al., 1992). The biological role of the spvABCD genes is 

not known. The spvR is located upstream of spvABCD, and it is oriented in the same 

direction as spvABCD (Coynault et al., 1992; Fang et al., 1991). The lacZ studies 

suggested that SpvR is required for spvA expression (Caldwell and Gulig, 1991; Fang et 

al., 1991; Krause et al., 1992). DNase I footprint assay showed that SpvR interacts at a 

54 bp region spanning from position -54 to -79 at the PspvA. The binding sequence at 

PspvA is TGTGC-N7-GCACA, which is consistent with the LTTR binding consensus 

sequence at RBS (T-N11-A) (Grob and Guiney, 1996). Based upon presence of two 

complexes in EMSA studies, it was suggested that SpvR interacts at the two sites. The 

disappearance of the faster migrating complex at higher protein concentrations 

suggested that cooperativity might be involved in this interaction (Grob and Guiney, 

1996).  

Northern blot assay studies suggested that spvABCD forms an operon with two 

transcriptional start sites, at 70 and 98 bp upstream of spvA translation start site 

(Krause et al., 1992). The spvR gene is monocistronic, while spvABCD forms a second 

transcriptional unit (Abe and Kawahara, 1995). 

LTTR Autoregulation 

Much of the attention in the research field has been directed towards the target 

genes regulated by LTTR members rather than to the LTTR autoregulation. It is already 

accepted that most of the LTTRs are negatively auto regulated whereas LTTRs act as 

activators for the target genes (Maddocks and Oyston, 2008; Schell, 1993)(Figure 1-6). 
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Negative Autoregulation 

Most of the LTTRs are negatively auto regulated. Some of the examples are 

described below. 

AtzR 

As described above, AtzR from Pseudomonas sp. strain ADP activates 

transcription of the atzDEF operon (Porrúa et al., 2007). AtzR also acts as the repressor 

at its own promoter. AtzR is divergently transcribed from the target genes (Porrúa et al., 

2009). DNase I footprint assays suggested that AtzR-His6 protected the promoter from 

positions -41 to -14 (RBS), relative to atzR transcription start site. In addition, protection 

was also seen from positions -71 to -42 (ABS, as described previously). Based upon the 

presence of an alternative sigma factor (σN) recognition sequence (CGGCAC-N5-

TTGCT), the authors suggested that the PatzR was recognized by RNA polymerase with 

an alternative sigma factor (σN). DNase I footprint studies showed that AtzR competed 

with the RNA polymerase for binding at the PatzR. In vitro transcription assays suggested 

that AtzR repressed transcription from PatzR in a concentration dependent manner and 

prevented open complex formation. As a consequence, transcription from PatzR is 

repressed (Porrúa et al., 2009).  

The sequence at RBS was found to be GGTGCCG-N5-CGGCACC. Deletion of 

the ABS relieved AtzR autorepression, and this suggests that ABS has a role in AtzR 

autorepression. AtzR represents the classical mode of negative autoregulation by 

LTTRs. 

CysB  

CysB from Salmonella typhimurium positively regulates the cystein biosynthesis 

genes in response to N-acetyl-L-serine, and is negatively auto regulated ( Ostrowsky 



 

38 

and Kredich, 1990; Kredich, 1992). DNase I footprint suggested that CysB protected the 

cysB promoter from positions -10 to +36 (Ostrowsky and Kredich, 1991) overlapping the 

transcription start site. Hydroxy radical footprint showed that CysB binds the DNA at two 

divergently oriented half sites, one situated from -8 to -26 positions with the sequence 

TCAGATATAATGATATAG and another from position +15 to +33 with sequence 

TTATTATTAAATCGTATTA. These two sequences are separated by around 21 bp 

corresponding to two helical turns. After adding the ligand N-acetyl-L-serine, no 

difference in the hypersensitive sites were found indicating the DNA bending was not 

involved. It was suggested that the addition of the effector simply weakens CysB 

interaction with the cysB promoter. These conclusions were supported by earlier in vivo 

studies using cysB-lacZ fusions (Bielinska and Hulanicka, 1986) and in vitro 

transcription assays showed that CysB inhibited the transcription from the cysB 

promoter while the addition of the effector resulted in increased transcription from the 

promoter (Ostrowsky and Kredich, 1991). While most of the negatively autoregulated 

LTTRs are believed to be divergently transcribed from the target genes, cysB is one of 

the exceptions to this rule. The CysB regulated genes are not present in the vicinity of 

cysB gene. 

Positive Autoregulation 

There is a very small group of positively autoregulated LTTRs. In contrast to the 

negatively autoregulated LTTRs, positively autoregulated LTTRs are not divergently 

transcribed from the modulated gene. These are usually not located in close proximity 

of the genes under its regulation. 
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SpvR 

As described earlier, the SpvR gene has the same orientation as spvABCD and 

spvR. However, the levels of induction of spvR are low (3 to 10 fold) when compared to 

the spvABCD genes (100 fold). SpvR-lacZ translational fusion studies suggested that 

spvR is positively autoregulated as a ∆spvR mutation results in no expression from spv 

promoter (Abe et al., 1994). The expression of spvR gene, alike spvABCD operon, is 

dependent on RpoS, a class II sigma factor (σs) (Kowarz et al., 1994; Chen et al., 1995). 

Class II sigma factor (σs) is responsible for recognition of the promoters for the genes 

expressed in stationary phase and during starvation in E. coli. DNase I footprint studies 

showed that SpvR protected the spvR promoter from -23 to -72 containing two spvR 

binding sites. The region had TGTGC-N7-GGTCA (T-N11-T instead of the conserved T-

N11-A) SpvR binding motif (Grob and Guiney, 1996). In addition to these sequences, 

random PCR mutagenesis experiments and lacZ reporter assays suggested that the 

two palindromic sequences (TNTGCANA) present within this protection region were 

necessary for optimal recognition of SpvR binding sites. One of the palindromic 

sequences was present in the spvR recognition motif whereas another was 21bp 

downstream from the first motif (Grob et al., 1997).  

LrhA 

LrhA negatively regulates flhDC operon involved in flagella biosynthesis in E. coli. 

The genes regulated by LrhA were identified by using DNA microarray studies. LrhA is 

not encoded in the vicinity of target genes and is present at a different location in 

genome (Lehnen et al., 2002; Bongaerts et al., 1995). lrhA-lacZ translational fusion 

studies showed that lrhA is downregulated in lrhA mutant strain. LrhA binds to lrhA 

promoter as evidenced by EMSA. DNase I protection assay showed a protected region 
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from positions -194 to -226 relative to transcription start site (Lehnen et al., 2002). The 

LrhA binding site has AT-N9-AT sequence which is different from the known T-N11-A 

site. The signal molecule is not identified for LrhA. The positive autoregulation 

mechanism by LrhA is not understood completely (Lehnen et al., 2002). 

Project Design and Rationale 

For the present study Lactobacillus brevis ATCC 367 was considered as the test 

microorganism. L. brevis has been isolated from several flavonoid rich environments 

such as decaying plants, fruits and grain fermentations (Kandler and Weiss, 1986). 

These facts indicate the L. brevis has the potential to sense and respond to flavonoids. 

It is proposed that “L. brevis ATCC 367 has the ability to sense and respond the 

flavonoids mainly through LTTRs”.  

The first objective of this study was to identify the transcription factors classified 

within the LTTR family that are able to respond to flavonoids. This was achieved 

through a fluorescence based ligand screening assay (Vedadi et al., 2006; Niesen et al., 

2007). This in vitro study was carried out using the purified LTTRs from L. brevis and 

variety of flavonoids with different chemical scaffolds. In order to identify and 

characterize the promoter region: transcription factor interaction, electrophoretic mobility 

shift assays (EMSAs) were carried out using different fragments around the 

transcription factor genomic context. Sequence based DNase I footprint study was used 

to determine LTTR binding sites. 

The second objective of this project was to assess the effects of the identified 

flavonoids on gene expression. The in vitro effects were confirmed in vivo with qRT-

PCR and lacZ reporter assays. The in vitro characterization was performed using 

EMSAs and size exclusion chromatography. 
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The third objective of this study was to identify the LTTR critical amino acids 

involved in ligands recognition. For this objective, bioinformatics analyses were carried 

out. A structural model of the LTTR was constructed and putative amino acids involved 

in ligands interaction were identified. The involvement of these residues in binding to 

flavonoids was determined by site directed mutagenesis, and the effects of these 

mutations on ligand interactions were determined by EMSAs. 
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Table 1-1.  Flavonoids classification: Flavonoids are classified in six classes. Flavonoids structure consists of two benzene 
rings (A and B) connected through central pyrone (C) ring. The flavonoids members differ based upon the R1, R2, and R3 
groups substitution.  

Flavonoid class Structure Examples R1 R2 R3 

      Flavonol 

 

    

 
Isorhamnetin OMe H - 

 
Kaempferol H H - 

 
Myricetin OH OH - 

 
Quercetin OH H - 

      Flavone 

 

    

 
Apigenin H - - 

 
Luteolin OH - - 

     

     Flavanone 

 

    

 
Eriodictyol OH OH - 

 
Hesperetin OMe OH - 

 
Naringenin OH H - 
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Table 1-1.  Continued 

Flavonoid class Structure Examples R1 R2 R3 

Flavan-3-ol 

 

    

 
(+)-Catechin  H H OH 

 

(+)-Catechin -3-
gallate H H Gallate 

 
(-)-Epicatechin  H OH H 

 

(-)-Epicatechin -3-
gallate H Gallate H 

 

(-)-
Epigallocatechin-3-
gallate OH OH H 

 
(-)-Epigallocatechin OH Gallate H 

Anthocyanidin 

 

    

 
Cyanidin OH OH - 

 
Delphinidin OH OH - 

 
Malvidin OMe OMe - 

 
Pelargonidin H H - 

 
Peonidin H OMe - 

 
Petunidin OH OMe - 

Isoflavones 

 

    

 
Daidzein H - - 

 
Genistein OH - - 
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Table 1-2.  Major transcription factors families in prokaryotes. Modified from Rodionov (2007). 

Family Examples DBDa posb modc Function TF #sd 

AraC MelR, RhaS, XylR, MarA, SoxS, 
RhrA 

H C A Carbon metabolism, cell wall 
synthesis, stress responses 

6954 

ArsR CadC, CzrA, NmtR, SmtB, ZiaR w CR R Homeostasis of transition metals (Cd, 
Co, Zn, Ni, Zn, As, Pb) 

982 

AsnC Lrp, BkdR, PutR w N D Amino acid metabolism 1527 

Cro Cro, CI, CopR, Xre H N R Bacterial plasmid copy number control 5258 

Cold 
shock 

cspB, cspC, cspD, cspE , cspF CSD V A Low temperature adaptation 607 

Crp Fnr, Dnr, NtcA, PrfA, CooA, 
HcpR, 

w C A(R) Global regulator protein. Catabolite 
response 

891 

DeoR GlpR, AgaR, IolR w N R Carbohydrates utilization 915 

Fis NtrC, NifA, NorR, FhlA, TyrR, 
PrpR 

H C A Nitrogen, amino acid, and secondary 
metabolism, flagella (σ54-dependent) 

2843 

Fur Zur, Mur, Nur, Irr, PerR w N R(A) Metal ion homeostasis (Fe, Zn, Mn, 
Ni), peroxide stress 

888 

GntR AraR, ExuR, DgoR, TreR, FadR, 
HutC, CitR, PdhR, BioR 

w N R Carbohydrates, fatty acid and amino 
acid utilization, biotin metabolism 

4293 

W-winged helix-turn-helix, H-Helix turn helix, m-miscellaneous, CSD- cold shock domain, C-C terminal, N-N terminal, 
CR-center, A-Activator, R-repressor, D-dual role. A(R)- mostly activator, R(A)- mostly repressor. aDNA Binding Domain, 
bDNA binding domain position, cmode of gene regulation, dTranscription factors numbers. 
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Table 1-2.  Continued 

Family Examples DBDa posb modc Function TF #sd 

IclR KdgR, PcaR, AllR, MhpR w N R (A) Sugar, acids and aromatic compounds 
utilization, secondary metabolism 

1122 

LacI GalR, CcpA, CytR, NagR, 
ScrR, PurR ,ScrR, PurR 

H N R Carbohydrates utilization, catabolite 
repression, purine metabolism 

2000 

LuxR RhlR, TraR, ComA, NarP, 
NarL, FixJ 

m C A(R) Quorum sensing, competence, nitrogen 
oxides metabolism, anaerobic switch 

3706 

LysR IlvY, CysB, MetR, CynR, 
NodD, AmpR, SpvR, 
CatR 

w N D Amino acid biosynthesis, nodulation, 
antibiotic resistance, virulence, Aromatic 
compounds utilization 

9421 

MarR SlyA, PecS, AdcR, BadR, 
HucR 

w CR R Multiple antibiotic resistance response, Zn 
uptake 

3280 

MerR GlnR, TnrA, SoxR, 
BmrR,CueR, CadR, 
PbrR, ZntR 

H N R Nitrogen metabolism, response to stress, 
multidrug efflux, heavy metal resistance (Hg, 
Cu, Cd, Pb, Zn) 

2337 

OmpR ArcA, PhoB, CiaR, ToxR, 
VirG 

w C A Biosynthesis of membrane components, 
phosphate metabolism, competence, 
virulence 

5010 

ROK NagC, XylR, Mlc H N R Carbohydrates utilization 1198 

RpiR HexR H N R Carbohydrates utilization 636 

Rrf2 IscR, NsrR, RirA H N R FeS cluster, iron, nitrogen metabolism 818 

TetR AcrR, QacR, FabR, RutR, 
BioQ 

H N R Antibiotic resistance, fatty acids, pyrimidine, 
and biotin metabolism 

6190 

W-winged helix-turn-helix, H-Helix turn helix, m-miscellaneous, CSD- cold shock domain, C-C terminal, N-N terminal, 
CR-center, A-Activator, R-repressor, D-dual role. A(R)- mostly activator, R(A)- mostly repressor. aDNA Binding Domain, 
bDNA binding domain position, cmode of gene regulation, dtranscription factor numbers. 
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Figure 1-1.  One component and two component response regulators: A) In one component 
response regulators, the input (sensor or EBD) and output (DBD) domains are present 
in one protein. B) Once a ligand or signal molecule is present in the cellular environment 
it interacts with the input domain. This interaction activates the output (DBD) domain 
thus activating or repressing transcription from the promoter. C) In two component 
response regulators Input (sensor kinase) domain is usually present in the cell 
membrane. D) Once the ligand or effector molecule is present in the cellular 
environment the sensor kinase is autophosphorylated which eventually phosphorylates 
the cytoplasmic output domain (DBD) protein. Phosphorylation of DBD protein activates 
the DBD, which leads to DBD interaction with the promoter region to activate or repress 
transcription.
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Figure 1-2.  Mechanism of transcriptional repression: A) Repressor (sometimes in 
presence of corepressor) binds at the RNA polymerase binding site in the 
promoter and hinders RNA polymerase interaction. B) Repressor interaction 
at a site in the gene/operon blocks transcription elongation, C) The repressor 
interaction with an activator modulates the activator activity, which affects 
promoter recognition by RNAP D) The inducer (shown as red triangle) and 
transcription factor interaction causes a conformational change inhibiting the 
repressor binding at the promoter region or E) Repressor binding sites (RBS) 
F) In the absence of active repressor, the interaction of the activator with 
RNAP stabilizes the interaction of RNAP with the promoter. R-repressor, A-
activator, α- α carboxy terminal domain (α-CTD), RBS-repressor binding site. 
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Figure 1-3.  Mechanism of transcriptional activation: A) TFs that act as transcriptional 
activators and bind at sequences adjacent to the -35 region of the promoter 
(class II promoter) or B) upstream of the -35 region (class I promoter). 
Transcriptional activation is achieved through the interaction of the TF with 
RNAP. C) Some transcriptional activators do not bind DNA but rather facilitate 
recognition of promoter by RNAP.
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Figure 1-4.  Dual role of transcription factors. A) In the absence of an inducer, the 
repressor overlaps the -35 region (extended form of TF), which blocks RNAP 
access to the promoter. B) The inducer molecule changes the repressor 
conformation (compact form of TF) which facilitates the interaction of RNAP 
with the promoter through a shift in the binding site to a site further upstream 
of the -35 region. C) Repressor interaction at two sites results in DNA looping 
which blocks RNA polymerase access to the promoter. D) In the presence of 
the inducer the repressor conformation is changed which facilitates RNAP 
interaction with the promoter E) The interaction of the transcription factor at 
the promoter leads to a conformational change in DNA, which inhibits open 
complex formation with RNAP. F) In presence of the inducer transcription 
factor facilitates the open complex formation by reorienting the DNA structure. 
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Figure 1-4  continued 
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Figure 1-5.  LTTR domains arrangement: A) The DBD is formed from the first 90 amino 
acids (green box). Within this region, 23 to 43 residues form a wHTH DNA 
binding motif (Black Box). HTH is the most conserved motif among LTTR 
members. The effector binding domain/ regulatory domain (EBD/RD) is 
formed from the last 90-300 residues. The RD is divided into two domains: 
the regulatory domain I (RDI) and the regulatory domain II (RD II). C-terminal 
amino acids are also part of RD I. C-terminal 40-60 amino acids are also 
thought to be involved in the DNA interaction (green). Residues 95 to 210 are 
involved in substrate/ligand interaction. B) The cartoon diagram shows LTTRs 
domains arrangement. DBD is formed from the first 90 amino acids. wHTH is 
connected to the regulatory domains through a linker helix. Hinge 1 connects 
the wHTH to the linker helix, whereas hinge 2 connects the linker helix to 
regulatory domain I (RDI). Hinge 3 is formed from crossover region between 
RDI (3a) and RDII (3b) forms the ligand binding cleft.
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Figure 1-6.  Classical mode of gene regulation by LTTRs: A) Classical LTTR members 
are divergently transcribed from the target genes. A) LTTR dimer first 
interacts with RBS through an N-terminal DNA binding domain (denoted as N 
in red). B) LTTR binding at RBS favors tetramerization through the regulatory 
domain (denoted as C in red).The second dimer in the tetramer interacts with 
the ABS through the DNA binding domains. This interaction bends the DNA. 
The LTTR binding at RBS and ABS turns off transcription from the respective 
promoters. C) When a ligand/ effector molecule is present in the cellular 
environment, it interacts with the LTTR causing LTTR structural 
rearrangements. These rearrangements bring the two dimers together 
(compact form) by relaxing the DNA bend. The structural rearrangements 
also shift the LTTR binding site at ABS (allows RNAP access to the target 
gene promoter), and thus transcription from the promoter is enhanced. 
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CHAPTER 2 
MATERIALS AND METHODS 

Materials 

The oligonucleotides used in this study were from Sigma Aldrich (St. Louis, MO). 

Biodyne B precut modified nylon membranes and Lightshift chemiluminescent detection 

kit for Electrophoretic Mobility Shift Assay studies were from Pierce Biotechnology 

(Rockford, IL). Restriction endonucleases, T4-DNA ligase, DNA size standards, Taq 

DNA polymerase, Longamp Taq DNA polymerase were from New England Biolabs 

(Ipswich, MA). Flavonoids, poly (dI-dC), oligonucleotides, chlorophenol red-β-D-

galactopyranoside reagent, organic and inorganic analytical grade chemicals were from 

Sigma-Aldrich (St. Louis, MO). 40 % acrylamide/bis-acrylamide solutions, Bradford 

protein assay reagents, the empty criterion cassettes were from Bio-Rad (Hercules, 

CA). The primers used for DNase I footprint were from Applied biosystems (Foster City, 

CA). The RNA extraction kit was from Ambion (Austin, TX) whereas qRT-PCR reaction 

reagents and SYPRO orange dye were from Invitrogen (San Diego, CA). Plasmid 

purification kit (QIAquick), plasmid extraction kit (QIAprep Spin Miniprep), and DNeasy 

blood and tissue kit were purchased from QIAGEN (Valencia, CA). Pfu turbo 

polymerase used for site directed mutagenesis was from Stratagene (La Jolla, CA). Ni-

NTA superflow resin was purchased from QIAGEN (Valencia, CA). The superose 12 

10/300 GL column used for FPLC was from GE healthcare (Uppsala, Sweden) whereas 

the standards were purchased from Sigma-aldrich (St. Louis, MO). The SDS-PAGE 

molecular weight standards, Kodak X-ray films were from Fisher (Waltham, MA). 
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Bacterial Strains and Plasmids 

Lactobacillus brevis ATCC367 was obtained from the American Type Culture 

Collection (ATCC, Manassas, VA). Bacillus subtilis M168 was obtained from the 

Bacillus Genetic Stock Center (BGSC, Columbus, OH). Lactobacillus strains were 

grown at 30°C in MRS broth (Difco Laboratories, Detroit, MI). Escherichia coli DH5 

cells, used to carry and propagate all vectors, were grown in Luria-Bertani medium 

(Difco) at 37°C, under aerobic conditions.  

B.subtilis M168, used for lacZ reporter assays, were also grown in Luria-Bertani 

medium (Difco) at 37°C, under aerobic conditions. When appropriate, media were 

supplemented with erythromycin, 1 μg/ml, chloramphenicol, 2.5 μg/ml (for B. subtilis 

M168), or ampicillin, 100 μg/ml (for E. coli). All antibiotics and chemicals were 

purchased from Sigma-Aldrich (St. Louis, MO). All strains and plasmids used for this 

study are shown in Tables 2-1 and 2-2.  

Competent Cells Preparation 

The E. coli competent cells were prepared with CaCl2 and MgCl2 (Sambrook et al., 

1989). Briefly, the respective E. coli strain was streaked on an LB plate supplemented 

with 10 mM MgCl2. The plate was incubated at 37 °C overnight. One colony was chosen 

from the plate for inoculation in 5 ml TYM broth (2 % trypteine, 0.5 % yeast extract, 0.58 

% NaCl, and 0.2 % MgCl2). The culture was grown for 2 hr at 37 °C at 250 rpm. The 

grown culture was transferred to 500 ml of TYM which was incubated at 37 0C until the 

OD 600~0.5. The cells were harvested by centrifugation at 3000 rpm for 12 min at 4°C. 

The pellet was resuspended in 40 ml (for 100 ml of original culture) of TfbI (30 mM K 

Acetate; 50 mM MnCl2, 100 mM KCl, 10 mM CaCl2, 15 % glycerol). The resuspended 

cells were incubated on ice for 5-15 min for Rec+ strains or 60-90 min for Rec- strain. 

http://en.wikipedia.org/wiki/Manassas
http://en.wikipedia.org/wiki/Virginia
http://en.wikipedia.org/wiki/Manassas
http://en.wikipedia.org/wiki/Virginia
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The cells were harvested by centrifugation at 3000 rpm for 8 min at 4°C. The pellet was 

resuspended in 4 ml (for 100 ml of original culture) of TfbII (10 mM MOPS, pH 7; 75 mM 

CaCl2; 10 mM KCl; 15 % glycerol). The competent cells were aliquoted in 0.2 ml 

aliquots and stored at -80°C until use. 

For B. subtilis M168 competent cells preparation, B. subtilis M168 was streaked on 

LB plate. The plate was incubated at 30°C overnight. One colony was inoculated in 2 ml 

SpC (1X T-base: 1mM MgSO4, 0.5 % glucose, 0.2 % yeast extract, and 0.03 % 

casamino acids). The culture was incubated at 37 0C with aeration (250 rpm). After 5 

hrs of incubation the culture was transferred to 18 ml of prewarmed SpII (1X T-base, 3.5 

mM MgSO4, 0.5 % glucose, 0.1 % yeast extract, and 0.01 % casaminoacids) in 250 ml 

flask. The culture was incubated at 37 0C for 90 min. The culture was harvested by 

centrifugation at 8000 rpm for 3 min at room temperature. The pellet was resuspended 

in prewarmed 1.6 ml of SpII and 0.4 ml 50 % glycerol. The competent cells were 

separated in 0.5 ml aliquots and stored at -80 0C until use. 

DNA Manipulations 

DNA Amplification 

Polymerase chain reaction was used to amplify the gene under study. Quickload 

Taq 2X Master mix (New England Biolabs, Ipswich, MA) was used for PCR reactions. 

For amplification of genes larger than 2 kb, longamp Taq 2X mastermix (New England 

Biolabs, Ipswich, MA) was used. The PCR reaction was carried out as per 

manufacturer’s recommendations. The PCR products were cleaned by QIAquick PCR 

purification kit (Qiagen, Valencia, CA) as per manufacturer’s directions.  
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Cloning Techniques 

The primers were designed to amplify the gene of interest. Extra nucleotides were 

included at the 5’ end of the primers which also included restriction endonuclease sites 

(Table 2-5). The PCR amplified products were digested with restriction enzymes if 

required using New England Biolabs (Ipswich, MA) recommended buffers. Similarly, the 

vector was digested using the same restriction enzymes used for insert digestion. The 

digested PCR product and vector were purified using QIAquick PCR purification kit 

(Qiagen). T4 DNA ligase New England Biolabs (Ipswich, MA) was used for liagation. 

The ligation reaction was carried out as per manufacturer recommended protocol.  

For cloning in p15TV-L, the LVIS0344, LVIS0398, LVIS0806, LVIS0910, 

LVIS1989, LVIS2088 and LVIS2204 genes were amplified from L. brevis ATCC 367 

chromosomal DNA using PCR. The primers are listed in Table 2-4. Ligation 

independent cloning (LIC) infusion reaction was used. Briefly, BD infusion pellet was 

dissolved with 8.5 µl of predigested p15TV-L plasmid then 2µl infusion/vector mix was 

mixed with 0.5 µl of insert (PCR target). The infusion: vector: insert mix was incubated 

at 28 0C for 30 min and used for transformation.  

Transformation 

Transformation of bacterial cells with DNA was carried out using the heat shock 

method (Sambrook et al., 1989). The E.coli DH5α or E. coli XL blue competent cells 

were used for cloning experiments whereas E. coli BL21 competent cells were used for 

protein expression. An aliquot of the competent cells (80 µl) were mixed with 20 ng to 

50 ng reaction sample or target recombinant plasmid and incubated on ice for 10 

minutes. The cells were transferred to 37 0C for 5 min. After incubation the cells were 

immediately transferred to ice for 2 min. The cells were resuspended in 1ml LB and 
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incubated at 37 0C. After 45 min the cells were plated on LB medium supplemented with 

suitable antibiotic selection marker. 

For transformation of B. subtilis M168, the B. subtilis M168 competent cells were 

thawed at 37 0C. An equal volume of SpII-EGTA (0.5 % glucose, 0.09 % MgSO4, 0.1 % 

yeast extract, 0.01 % casamino acids, 0.002 % EGTA) was added to the competent 

cells and 20 ng to 50 ng of plasmid DNA. The mix was incubated at 37 0C for 30 min 

under aerobic conditions (250 RPM). After 30 min the culture was plated on LB plates 

using the required selective antibiotic. 

DNA Electrophoresis 

Chromosomal DNA or DNA fragments were analysed on 1 % agarose (for 

fragments larger than 1Kb) or. 1.5 % agarose (for fragments smaller than 1Kb). 

Electrophoresis was performed at 400 mA, 90 V in 1X TAE (40 mM Tris Acetate; 2 mM 

EDTA, pH 8.5) for 30- 40 min. Before loading on the gel, 5 µl DNA sample was mixed 

with 1µl of 6X loading dye (New England Biolabs, Ipswich, MA). The 1 kb or 100 bp 

molecular weight standards (NEB) were used to determine the size of the separated 

fragments. After electrophoresis, the gel was incubated in ethidium bromide for 10 min. 

The gel was visualized under UV light by imageQuant 400 (GE Healthcare, Piscataway, 

NJ) analyzer. 

Site Directed Mutagenesis 

Site directed mutagenesis was performed using Pfu Turbo DNA polymerase 

(Stratagene, La Jolla, CA) as per manufacturer’s recommendations. Briefly, the reaction 

mixture used for site directed mutagenesis comprised of 1X reaction buffer (Stratagene, 

La Jolla, CA). 0.5 µM of each of the primers (sense and antisense), 50 to 100 ng of the 

template DNA, 2 mM of dNTP mix, 1.5 U of Pfu turbo DNA polymerase, 3 % DMSO. 
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The PCR conditions were 1-Cycle at 95 0C for 30 sec, 18 cycles at 95 0C for 30 sec, 

55°C- for 1 min, 68 0C for 7 min, 1 cycle at 68 0C for 10 min. The primers used for site 

directed mutagenesis are shown in Table 2-7. The amplified DNA was subjected to 

DpnI treatment (20 U for 150 min) for cleavage of hemimethylated template DNA. After 

DpnI treatment the DNA was transformed into E. coli by heat shock transformation 

method as described previously. 

Construction of lacZ Fusions 

The plasmid pDG1663 (Guérout-Fleury et al., 1996) was used for transcriptional 

analyses of LVIS1988 and LVIS1989 expression. Plasmid pSP01 was constructed by 

cloning a fragment (amplified with primers P3_Fw and P4_Rv, Table 2-5) containing the 

complete LVIS1989 (kaeR) sequence, the intergenic region between LVIS1988-

LVIS1989, and the first 270 nucleotides of LVIS1988. Similarly, plasmid pSP02 was 

constructed using primers P5_Fw and P4_Rv except that only site I was included (Table 

2-5). The PCR fragments were cut with HindIII and BamHI restriction enzymes, and 

ligated to plasmid pDG1663 digested with the same enzyme. After ligation, samples 

were transformed into E. coli DH5α. Recombinant clones were identified by colony PCR 

using P9_Fw and 1989_RT_Rv primers. The clones were confirmed by sequencing 

using the primer LVIS1989_RT_Rv (Table 2-6). Ectopic integration of pSP01 and 

pSP02 in the thrC locus of B. subtilis M168 was performed by natural transformation 

(Petit-Glatron and Chambert, 1992). The resulting strains were labeled SP01 and SP02 

(Table 2-1). The ectopic integration of pSP01 and pSP02 was confirmed by PCR using 

primers P15_Rv and P16_Fw. 

Plasmid pLG103 (Belitsky and Sonenshein, 2002) was used for analyses of 

LVIS1988 and kaeR expression. Transcriptional fusions to LVIS1988 (to obtain plasmid 
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pSP05) were constructed by cloning a PCR fragment (using primers P11_Fw and 

P12_Rv) in the BglII and EcoRI sites. The clones were confirmed by sequencing using 

primer P9_Fw (Table 2-5). In the plasmids pSP04 and pSP03 the lacZ gene was 

transcriptionally fused to kaeR, by cloning fragments that contained either binding site I 

(using primers P6_Rv and P7_Fw) or both sites (P6_Rv and P8_Fw), respectively. The 

clones were confirmed by sequencing using primers P9_Fw and P10_Rv (Table 2-5). 

Strains SP03, SP04, SP05, SP06, and SP07 were constructed by transforming B. 

subtilis with the indicated plasmids followed by ectopic integration in the amyE locus. 

For heterologous gene expression of L. brevis genes in B. subtilis, the LVIS1989 

(kaeR) gene was amplified (using primers P13_Rv and P14_Fw, Table 2-5) and cloned 

in the pAX01 plasmid (Härtl et al., 2001) under a xylose inducible promoter. The 

resulting pSP06 recombinant plasmid was introduced in B. subtilis and integrated in the 

lacA locus.  

RNA Extraction 

Bacterial cells were cultured in MRS broth, in the presence or absence of 

myricetin, kaempferol or hesperitin (10 μM) when required. The cells were harvested by 

centrifugation at 4°C, when OD600 =0.3 or OD600 =1.5 was observed. Total RNA was 

subsequently isolated using a RiboPureTM-Bacteria kit (Ambion, Austin, TX) in 

accordance with the manufacturer's protocol. The RNA was quantified by Nanodrop ND-

1000 spectrophotometer at 260 nm. 

cDNA Synthesis 

cDNAs were synthesized with the superscript III first-strand synthesis supermix for 

qRT-PCR (Invitrogen, San Diego, CA) in accordance with the manufacturer's 

instructions and stored at -80°C prior to use. Real-time quantitative PCR (qRT-PCR) 
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was carried out in a Bio-Rad iCycler IQ apparatus, using SYBR Green ER qPCR 

SuperMix for iCycler (Invitrogen, SanDiego, CA) in accordance with the manufacturer's 

recommended protocol. The qRT-PCR cycles conditions were- 1 cycle at 50 0C for 2 

min, 1-cycle at 95 0C for 10 min, 45 cycles at 95 0C for 15 sec and 1 min at 60 0C. The 

data analysis was carried out by using Bio-Rad iQ5 software. 

The primers used in qRT-PCR for LVIS1986, LVIS1987, LVIS1988 LVIS1989 and 

for amplification of intergenic regions, are listed in Table 2-6. The L. brevis ATCC 367 

rpoD gene was used as an internal control. 

Protein Techniques 

Protein Overexpression in E. coli 

Protein overexpression was carried out as described previously.(Pagliai et al., 

2010) Briefly, 2 L of LB supplemented with ampicillin (100 µg/ml) was inoculated with 10 

ml overnight grown E. coli BL21-Star(DE3) cells (Stratagene, USA) containing the 

recombinant plasmid. The cells were grown at 37 0C under aerobic condition (250 RPM) 

until OD600 ~0.6 to 0.8. IPTG (1 mM) was added to the culture which was further 

incubated at 16 0C overnight. The cells were harvested by centrifugation at 7500 RPM 

for 20 min at 4 0C. The cell pellets were stored at -80 0C until further use. 

Protein Purification 

Protein purification was carried out as described previously (Pagliai et al., 2010). 

The cell pellet was resuspended in binding buffer (500 mM NaCl, 5% glycerol, 50 mM 

HEPES, pH 7.5, 5 mM imidazole, 0.5 mM TCEP) with 0.5 % NP-40 and 1 mM of PMSF. 

A French Press was used to lyse the suspension. The lysate was clarified by 

centrifugation (4 C, 30 min at 17,000 RPM) and the cell free extract was applied to a 

metal chelate affinity-column charged with Ni2+. The column was then washed with 250 
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ml wash buffer (500 mM NaCl, 5 % glycerol, 50 mM HEPES, pH 7.5, 30 mM imidazole, 

0.5 mM TCEP). The protein was eluted in elution buffer (binding buffer with 250 mM 

imidazole). The purified proteins were dialyzed against 10 mM HEPES, pH 7.5, 500 mM 

NaCl, 2.5% glycerol and 0.5 mM TCEP overnight at 4 0C. The dialyzed protein was 

separated in 30 μl aliquots and stored at -80 0C until use. 

Protein Quantification 

Protein concentrations were determined using Bio-Rad protein assay kit as per 

manufacturer’s recommendations. This protein quantification is based upon Bradford 

method (Bradford, 1976). The protein samples were added to 1 ml acidic Bradford 

reagent (Bio-Rad, Hercules, CA). After 5 min incubation at room temperature, OD at 

595 nm was measured by spectrophotometer (UV-1700 pharmaspec, Shimadzu). 

Bovine gamma-globulin was used as a standard. The relative protein concentration was 

determined by comparison with a standard curve.  

Protein Separation by SDS-PAGE 

The cell lysates and Ni-affinity chromatography fractions were assessed for purity 

by SDS-PAGE. EZ-run SDS-PAGE protein marker was used to determine the 

polypeptide molecular weights (Fisher, Waltham, MA). 15 µl of protein samples were 

mixed with 3 µl of 5X loading dye (10 % w/v SDS; 10 mM β-mercaptoethanol; 20 % v/v 

glycerol; 0.2 M Tris-HCl, pH 6.8; 0.05 % w/v bromophenol blue). The protein samples 

were denatured by heating at 90 0C for 5 min. After 5 min the samples and the 

molecular weight marker were separated on 12 % SDS polyacrylamide gel by 

electrophoresis (150 V, 40 to 60 min) in 1X running buffer (25 mM Tris HCl, 200 mM 

glycine, 0.1 % w/v SDS). Gels were stained with coomassie blue and analyzed by 

imageQuant 400 (GE) analyzer. 
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Size-Exclusion Chromatography 

Protein samples were prepared using 10 mM HEPES, pH 7.5, 500 mM NaCl, 25 

M KaeR, and where indicated, 10 μM kaempferol or myricetin were added. After 20 

minutes of incubation on ice, samples were injected onto a prepacked Superose 12 

10/300 GL gel filtration column (GE Healthcare, Sweden) connected to an LCC-501 

plus (Pharmacia Biotech Inc., Piscataway,NJ) equilibrated with 10 mM HEPES, pH 7.5, 

500 mM NaCl. Filtration was carried out at 4°C, using a flow rate of 0.5 ml/min. Eluted 

proteins were monitored continuously for absorbance at 280 nm using a UV-M II 

monitor (Pharmacia Biotech Inc., Piscataway, NJ). Blue dextran 2000 was used to 

determine the void volume of the column. A mixture of protein molecular weight 

standards, containing IgG (150 kDa), bovine serum albumin (66 kDa), albumin (45 kDa), 

trypsinogen (24 kDa), cytochrome C (12.4 kDa), and vitamin B12 (1.36 kDa) was also 

applied to the column under similar conditions. The elution volume and molecular mass 

of each protein standard was then used to generate a standard curve from which the 

molecular weight of eluted proteins was determined. 

Small Molecule Screening by Differential Scanning Fluorometry 

Purified proteins were subjected to screening against apigenin, naringenin, 

naringin, quercetin, epicatechin, acacetin, luteolin, chrysin, hesperitin, kaempferol and 

myricetin at a final concentration of 60 μM as previously described (Vedadi et al., 2006; 

Niesen et al., 2007). Proteins were diluted to a final concentration of 10 μM, using 100 

mM Hepes, pH 7 and 150 mM NaCl. 25 μl aliquots of a protein solution were then 

prepared with each chemical compound, and placed into duplicate 96 well plates (Bio-

Rad, Hercules, CA). Samples were then heated from 25 ºC to 80 ºC at a rate of 1 ºC per 

minute. A real-time PCR device (iCycler IQ, Biorad) was used to monitor protein 
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unfolding, by measuring the increase in fluorescence of the fluorophore SYPRO Orange 

(Invitrogen, San Diego, CA). Fluorescence intensities were plotted against temperature 

for each sample well. Transition curves were fit using the Boltzmann equation using the 

Origin 8 software (Northhampton, MA). The midpoint of each transition was calculated 

and compared to the midpoint of the reference sample. If the difference between them 

was greater than 2.0 ºC, the corresponding compound was considered to be a “hit” and 

the experiment was repeated to confirm the effect in a dose dependent manner.  

Electrophoretic Mobility Shift Assays (EMSAs) 

EMSA analysis of KaeR or mutant KaeR was performed using proteins purified 

and concentrated according to the procedures described above. Different fragments 

containing the putative binding sites for KaeR (summarized in chapter 3 Figure 3-4A) 

were generated by PCR using biotin labeled (5’-end) primers (Table 2-3), and 

subsequently purified using QIAquick spin columns (Qiagen, Valencia, CA). Different 

probes contained sequences in the surroundings of the intergenic region between 

LVIS1988 and LVIS1989 (Primers E8_Fw to E9_Rv) as well as a putative promoter 

downstream LVIS1989 (PLVIS1990, generated with primers E10_Fw and E11_Rv; PLVIS1991 

generated with primers E12_Fw and E13_Rv Table 2-3). The binding buffer for EMSA 

assays was optimized by the addition of 2.5 mM MgCl2 and 0.5 mM CaCl2. These were 

found to improve KaeR binding to Fkae2, suggesting Ca2+ and Mg2+ ions play a role 

during the formation of a strong complex (see Appendix A). The interaction was also 

found to be very sensitive to pH in both the binding and running buffer. To maintain the 

stability of the complex, binding buffer was prepared at pH 6.7, while the running buffer 

was kept at pH 7.5 (see Appendix A). The optimized reaction mix for EMSA (20 l) 
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contained 60 pg of a 5’-labelled DNA fragment, 10 mM Tris-HCl, pH 6.8, 150 mM KCl, 

0.5 mM EDTA, 0.2 mM DTT, 0.5 mM CaCl2, 2.5 mM MgCl2, 0.1% Triton X100, 25 ng/l 

Poly(dI-dC) nonspecific competitor DNA, purified KaeR protein (0-500 nM) and ligand 

(0-20 μM) unless otherwise specified. After incubation for 30 min at 37C, samples were 

separated on 5 % acrylamide/bis-acrylamide non denaturing gels, in 0.5X Tris borate-

EDTA buffer, pH 7.5 (TBE, pH 7.5). Electrophoresis was performed at 4 C in 0.5x TBE 

as a running buffer. The DNA was then transferred from the polyacrylamide gel to a 

Biodyne B Nylon Membrane (Pierce Biotechnology, Rockford, IL) by electroblotting at 

380 mAmps in 0.5x TBE. Transferred DNA was cross-linked by UV and biotin labeled 

DNA was detected using a horseradish peroxidase/Super Signal Detection System 

(Pierce Biotechnology, Rockford, IL). Membranes were exposed to Kodak X-ray film 

(Fisher, Waltham, MA).  

DNase I Footprinting 

DNase I footprint assay was carried out at the Plant and Microbe Genomics 

facility, Ohio State University, Columbus, as described previously by Zianni et al., 

(2006). Briefly, 5’-VIC or 5’-FAM labeled probes were generated by PCR, using primers 

E3_Rv and D1_Fw (Table 2-3). The reaction containing 2.5 ng/ul labeled probe, 8 µg of 

KaeR, 10 mM Tris-HCl, pH 6.8, 150 mM KCl, 0.5 mM EDTA, 0.2 mM DTT, 0.5 mM 

CaCl2, 2.5 mM MgCl2, 0.1 % Triton X100, 25 ng/l Poly (dI-dC) nonspecific competitor 

DNA, and 0.006 U of DNase I (New England Biolabs, Ipswich, MA) was incubated for 

20 min at 37 ºC. A digestion reaction without KaeR was included as a control. The 

reaction was terminated by the addition of 10 mM EDTA, pH 8.0. The digested DNA and 

sequencing reaction products were analyzed with a 3730 DNA analyzer, and the 
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protected regions were identified with GeneMarker (Soft genetics) as described earlier 

(Zianni et al., 2006). 

β-galactosidase Assays 

Cells were grown at 37°C under aerobic conditions (250 RPM) in LB broth in the 

presence and absence of 160 μM kaempferol or myricetin. Cell samples were taken at 

various time points during growth phase. Cells were washed twice with 0.9 % NaCl and 

permeabilized with 1 % toluene in Z-buffer (60 mM Na2HPO4, 40 mM NaH2PO4, 10 mM 

KCl, 1 mM MgSO4, 50 mM β-mercapthoethanol) (Miller, 1972). β-galactosidase activity 

was assayed by following the catalytic hydrolysis of the chlorophenol red-β-D-

galactopyranoside (CRPG) substrate (Sigma Aldrich, USA). Absorbance at 570 nm was 

read continuously using a Synergy HT 96-well plate reader (Bio-Tek Instruments Inc., 

Winooski, VT) and normalized to initial cell density. β-galactosidase activity is 

expressed in Miller units. Assays were performed in duplicates at least three times. 

The Tools Used for Bioinformatics Studies 

The tools used for bioinformatics studies are listed in Table 2-8. 
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Table 2-1.  Strains used in this study.  

Name Relevant genotype/phenotypea Source 

 

E. coli DH5α 
 

 
φ80 dlacZ∆M15∆(lacZYA-argF)U169 recA1 endA1 hsdR17 (rk-. 
mk+) supE44 thi-1 gyrA relA1  

 
Laboratory stock 

E. coli BL21 (DE3) E. coli B F- dcm ompT hsdS(rB- mB-) gal Stratagene 

B. subtilis M168 trpC2 BGSC1 

L. brevis ATCC 
367 

Wild Type ATCC2 

B. subtilis SP01 M168 ∆thrC: [LVIS1988 (-387 to +973)-lacZ] Emr. This work 

B. subtilis SP02 M168 ∆thrC: [LVIS1988 (-135 to +973)-lacZ] Emr. This work 

B. subtilis SP03 M168 ∆amyE: [LVIS1989 (-400 to +14)-lacZ] Cmr, ∆lacA: empty 
pAX01. Emr. 

This work 

B. subtilis SP04 M168 ∆amyE: [LVIS1989 (-400 to +14)-lacZ] Cmr, ∆lacA: [XylR-
PXylA -LVIS1989 (+1 to +973)] Emr. 

This work 

B. subtilis SP05 M168 ∆amyE: [LVIS1989 (-182 to +14)-lacZ] Cmr, ∆lacA: [XylR-
PXylA -LVIS1989 (+1 to +973)] Emr. 

This work 

B. subtilis SP06 M168 ∆amyE: [LVIS1988 (-399 to +16)-lacZ] Cmr, ∆lacA: [XylR-
PXylA -LVIS1989 (+1 to +973)] Emr. 

This work 

B. subtilis SP07 M168 ∆amyE: [LVIS1988 (-399 to +16)-lacZ] Cmr, ∆lacA: empty 
pAX01. Emr. 

This work 

B. subtilis SP15 M168 ∆thrC, empty pDG1663. Emr This work 

B. subtilis SP16 M168 ∆amyE: empty pLG103 Cmr, ∆lacA: empty pAX01 Emr. This work 
aThe positions indicated are relative to LVIS1989 translation start codon. 1Bacillus Genetic Stock Center,  
2American Type Culture Collection 
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Table 2-2.  Plasmids used in this study. 

Name Relevant genotype/Phenotypea Source 

   

p15TV-L  Expression vector for purification of proteins by nickel affinity 
cromatography. Apr. 

Addgene plasmid 
26093 

pAX01 B. subtilis vector for ectopic integration into lacA site containing XylR-PXylA 
cassette. Apr,Emr. 

Härtl et al., 2001 

pLG103 B. subtilis vector for integration into amyE site containing two 
promoterless reporters, gusA and lacZ in opposite orientaions. Apr, Cmr. 

Belitsky and 
sonenshein, 2002 

pDG1663 B. subtilis  vector for ectopic integration into  thrC site containing E. coli 
spoVG-lacZ. Apr, Emr. 

Guérout-Fleury et 
al., 1996 

pSP01 LVIS1988-lacZ transcriptional fusion in pDG1663 carrying the L. brevis 
sequence from -387 to +973. Apr, Emr. 

This work 

pSP02 LVIS1988-lacZ transcriptional fusion in pDG1663 carrying the L. brevis 
sequence from -135 to +973. Apr , Emr. 

This work 

pSP03 LVIS1989-lacZ transcriptional fusion in pLG103 carrying the L. brevis 
sequence from -400 to +14. Apr; Cmr. 

This work 

pSP04 LVIS1989-lacZ transcriptional fusion in pLG103 carrying the L. brevis 
sequence from -182 to +14. Apr, Cmr. 

This work 

pSP05 LVIS1988-lacZ transcriptional fusion in pLG103 carrying the L. brevis 
sequence from -399 to +16. Apr, Cmr. 

This work 

pSP06 L. brevis LVIS1989 from +1 to +973 cloned in pAX01. Apr , Emr. This work 

pLB01 p15TV-L His6-LVIS0344. Apr. This work 

pLB02 p15TV-L His6-LVIS0398. Apr. This work 

pLB03 p15TV-L His6-LVIS0806. Apr. This work 

pLB05 p15TV-L His6-LVIS0910. Apr. This work 

pLB06 p15TV-L His6-LVIS1989. Apr. This work 

pLB07 p15TV-L His6-LVIS2088. Apr. This work 

pLB08 p15TV-L His6-LVIS2204. Apr. This work 
aThe positions indicated are relative to LVIS1989 translation start codon. 
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Table 2-3.  Primers used for electrophoretic mobility shift assays (EMSAs) and DNase I footprint assays. 

Oligonucleotide Name Oligonucleotide Sequence (5'-3') Posb Purpose Modc(5')  

E1_Rv TGTTGCATGTTCCGTAATCG +122*   EMSA  

E2_Fw TTGGCATGGGTTTTTAGCTC -176 * EMSA Biotin 
E3_Rv TGTGATGAAACTGTAGAAATCGTC +33*   DNase I footprint VIC 

E7_Rv TGTGATGAAACTGTAGAAATCGTC +33*   EMSA  

E4_Fw TTCCCAGGGTTTGGTAATCA -400* EMSA Biotin 

E6_Rv CCCATGCCAACCAGTACCATGAGACGAA -167* EMSA  

D1_Fw GGGTAGGTGCGTCAGTAACC  -463* DNase I footprint FAM 

E8_Fw GCCTTCAACGTTATTAAACATCATTG -312* EMSA Biotin  

E9_Rv TTAGTCGAAAGTTGAGTTGTTTGCA -40* EMSA  

E10_Fw TCAGTTGCCCCCTTTATGAC +745* EMSA Biotin 

E11_Rv CCATTCCCACACAATTTTCC +1106* EMSA  

E12_Fw GCGTGCTACATCTGAGCGTA +1398* EMSA Biotin 

E13_Rv CCAGAGCCTTTTGAAACCAA +1694* EMSA  
bPosition, cModification. *The positions indicated are relative to LVIS1989 translation start codon. 
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Table 2-4.  Primers used to clone the genes for protein expression. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

#The positions indicated are relative to respective genes translation start codons. ϒThe extra  
bases added for cloning in p15TV-L are shown in italics.

Oligonucleotide 
Name 

Oligonucleotide Sequence (5'-3')ϒ Position 

LVIS0344_Fw  ttgtatttccagggcatGTGAATTTTCGACAGTTAGAATATTTC  +1# 

LVIS0344_Rv  caagcttcgtcatcatcAGTAACTGTCAATGAAGCGCTG  +856#  

LVIS0398_Fw  ttgtatttccagggcATGCTAGATAAACGATACGAAAC  +1#  

LVIS0398_Rv  caagcttcgtcatcatcAGTTACCAGGTTGTCGTAAAG  +886#  

LVIS0806_Fw  ttgtatttccagggcATGAAAACGAAACAGGAAAGTATC  +1#  

LVIS0806_Rv  caagcttcgtcatcatcAATTTAATTGGTTCCGAAGTTGTTTG  +964#  

LVIS0910_Fw  ttgtatttccagggcATGTCGCAGCGTGCAGTG  +1# 

LVIS0910_Rv  caagcttcgtcatcatcAAAATTGATGAGTGTCAAAATACC  +817#  

LVIS1989_Fw ttgtatttccagggcATGACTATCGACGATTTCTAC  +1 * 

LVIS1989_Rv caagcttcgtcatcaTCAGTCCGTTAGATAATGAATGAAC  +882*  

LVIS2088_Fw ttgtatttccagggcATGCTACCCTTTGCTTATCG  +1#  

LVIS2088_Rv caagcttcgtcatcatcAGTTATTGCGGGGATGTTCC  +907# 

LVIS2204_Fw ttgtatttccagggcATGAATACAAAAGATTTGGATTATTTC  +1#  

LVIS2204_Rv caagcttcgtcatcatcATCCTAGCCGCAAACTCTCTC  +886#  



 

70 

 
Table 2-5.  Primers used to clone the genes for lacZ reporter assays and sequencing reactions. 

Oligonucleotide 
Name 

Oligonucleotide Sequence (5'-3')α Posb Purpose 
Restriction 
Enzyme 

P3_Fw aaaaaggatccGTAATCATGATGGAACA  -387 * LVIS1988:LVIS1989 cloning 
in pDG1663 (Site I and II) 

BamHI 

P4_Rv aaaaaaagcttGGGAATCCTCCAATAAAT  +973 * LVIS1988:LVIS1989 cloning 
in pDG1663  

HindIII 

P5_Fw  tttttggatccATAAGGATCATTTACCAT  -135 * LVIS1988:LVIS1989 cloning 
in pDG1663 (Site I) 

BamHI 

P6_Rv ggccatagatcTCGTCGATAGTCATTGAAGAACCT  +14 * LVIS1988: LVIS1989 cloning 
in pLG103  

BglII 

P7_Fw ggccatgaattcTACTGGTTGGCATGGGTTTT  -182 * LVIS1988: LVIS1989 cloning 
in pLG103 (Site I) 

EcoRI  

P8_Fw ggccatgaattcTTCCCAGGGTTTGGTAATCA  -400 * LVIS1988:LVIS1989 cloning 
in pLG103 (Site I and II) 

EcoRI  

P11_Fw ctctagagatctTCCCAGGGTTTGGTAATCATGATGG  -399 * LVIS1988: LVIS1989 cloning 
in pLG103 (Site I and II) 

BglII  

P12_Rv ggtccggaattcAATCGTCGATAGTCATTGAAGAACC  +16 * LVIS1988: LVIS1989 cloning 
in pLG103  

EcoRI  

P13_Rv aaaaaaccgcggGGGAATCCTCCAATAAATG  +973 * LVIS1989 cloning in pAX01 SacII  

P14_Fw gaaatgggatccATGACTATCGACGATTTCTACAG  +1 * LVIS1989 cloning in pAX01 BamHI 

P15_Rv CAGGTTATCTGTACCCGCCGGA +189 ¥ 
pDG1663 ectopic integration 
confirmation  

P16_Fw TAACACTCAGTCCCGGTTCC +590 * 
pDG1663 ectopic integration 
confirmation  

P9_Fw AGCGCCATTCGCCATTCAGGCT +769 $ Sequencing 
 

P10_Rv CATAAGGGACTCCTCATTAAG +3 ∆ Sequencing   
bPosition. The positions indicated are relative to *LVIS1989, ¥ thrB translation start codons, $lacZ and ∆gusA, start codons in pLG103. 
αExtra nucleotides used are shown in small letters and restriction sites used for cloning are underlined. 



 

71 

  

 
 
 
 
Table 2-6.  Primers used for quantitative real time PCR (qRT-PCR). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

bThe positions indicated are relative to *LVIS1989, #respective genes  
translation start codons. 
 

 
 
 
 
 

Name Sequence (5'-3') Positionb 

LVIS1986_RT_Fw GACACCCCCATTCAAACAAT +133# 

LVIS1986_RT_Rv AATCTGGGCCTTGGTGATCT +294#  

LVIS1987_RT_Fw TTAAAGCGATGGCCGACTAC +164#  

LVIS1987_RT_Rv AGCCCGCGCAATTAGATTAT +323#  

LVIS1988_RT_Fw CGATGTAATGTGGACCGTGA +1227# 

LVIS1988_RT_Rv CACCAACTTCGATGACATGC +1377#  

LVIS1989_RT_Fw GGCGTGGTACGATTCAGATT +269#  

LVIS1989_RT_Rv TGACTTTGAACGTCGCGTAG. +458#  

L1986.1987_Rv AAGGTACTGGGTGCATTTGG -2104* 

L1986.1987_Fw GTTACTGCCACCCGTGACC -2263* 

L1987.1988_Rv TGAACGCGCGAAGTTTAAG -1533* 

L1987.1988_Fw GTTTCAACGCCTGGCTTATC -1693* 

L1988.1989_Rv TGTGATGAAACTGTAGAAATCGTC +33* 

L1988.1989_Fw GCTCGGCCAATACTTTTCGT -160* 

rpoD_Fw ATTCCCGTTCATATGGTGGA +640# 

rpoD_Rv GAACCTTTTCCGTTGGCATA +769# 



 

72 

 
 
 
 
 
 
 
 
 
Table 2-7.  Primers used for site directed mutagenesis. 

Oligonucleotide 
Name 

Oligonucleotide Primers (5'-3') Positionb 

1989_P100A_Fw ATTCAGATTGGCAGTGTGGCCGTCATGGCTCAGTACGGT  +280* 

1989_P100A_Rv ACCGTACTGAGCCATGACGGCCACACTGCCAATCTGAAT  +318* 

1989_Q153A_Fw CTACGCGACGTTCAAAGTGCACAACTGAACCACTCACAG  +439* 

1989_Q153A_Rv CTGTGAGTGGTTCAGTTGTGCACTTTGAACGTCGCGTAG  +477* 

1989_V205A_Fw CTCAGTCCCGGTTCCGGTGCTTATGAACGAATCAGCGAG  +595* 

1989_V205A_Rv CTCGCTGATTCGTTCATAAGCACCGGAACCGGGACTGAG  +633* 

1989_R148A_Fw TTTGATCTCGGTATTCTAGCCGACGTTCAAAGTCAACAA  +424* 

1989_R148A_Rv TTGTTGACTTTGAACGTCGGCTAGAATACCGAGATCAAA  +462* 

1989_E127A_Fw ATTAACTTTTCTTTGGCAGCATTAGAGGGGGCTGATCTC  +361* 

1989_E127A_Rv GAGATCAGCCCCCTCTAATGCTGCCAAAGAAAAGTTAAT  +399* 

1989_I229A_Fw CGTTTTTCCACACCGCATGCTGAAACACTGCTGGCAATG  +667* 

1989_I229A_Rv CATTGCCAGCAGTGTTTCAGCATGCGGTGTGGAAAAACG  +705* 
bThe positions indicated are relative to *LVIS1989 translation start codon.
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Table 2-8.  List of bioinformatics tools used. 

Bioinformatics 
tool 

Purpose Website References 

PHYRE KaeR structure 
modeling 

http://www.sbg.bio.ic.ac.uk/~phyre/ Kelley LA and Sternberg MJE, 
2009 

SWISS-
MODEL 

KaeR structure 
modeling 

http://swissmodel.expasy.org/workspace/ Benkert et al., 2011 

PDB RCSB Identification of ligand 
bound homologous 
structure 

http://www.pdb.org/pdb/home/home.do Berman et al., 2000 

PyMOL Structural alignment http://www.pymol.org/ Warren L. Delano, DeLano 
Scientific LLC, San Carlos, CA, 
USA 

ClustalW Sequence alignment http://www.ebi.ac.uk/Tools/msa/clustalw2/ Larkin et al., 2007 

Ortholog 
neighborhood 

Comparative genomics http://img.jgi.doe.gov/ Mavromatis et al., 2009 
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CHAPTER 3 
LVIS1989 (KAER), A LYSR TYPE TRANSCRIPTIONAL ACTIVATOR, UP 

REGULATES LVIS1986, LVIS1987, LVIS1988 AND LVIS1989 IN RESPONSE TO 
KAEMPFEROL 

Introduction 

Flavonoids are plant derived compounds that constitute a significant component of 

the human diet. They are believed to possess both anti-carcinogenic and cardio 

protective properties (Selma et al., 2009). Studies have revealed, however, that 

complex flavonoids are not absorbed by the gastrointestinal tract. They are instead 

broken down by gut microbiota into smaller compounds with higher biological activity 

(Spencer, 2003; Hein et al., 2008; Verzelloni et al., 2011). Some of the microorganisms 

capable of cleaving flavonoids to produce aliphatic organic acids include Eub. 

oxidoreducens, commonly found in the bovine rumen, and the human fecal microbes 

Eub. ramulus and Clostridium orbiscindens (Winter et al., 1989; Krumholz and Bryant, 

1986; Braune et al., 2001). The degradation and transformation of these compounds by 

other beneficial members of the microbiota such as Lactobacillus however, have been 

scarcely explored (Rodríguez et al., 2009).  

Lactobacillus species are widely used throughout the food industry, for both their 

fermentation and probiotic properties (Lebeer et al., 2008; Gobbetti et al., 2010). Many 

species of Lactobacillus have been isolated from flavonoid rich environments. L. brevis 

is frequently found in decaying plants and fruit fermentations (Kandler and weiss, 1986), 

where exposure to complex flavonoids and their organic acid constituents is inevitable. 

Consequently, I hypothesized that L. brevis may have developed the ability to sense 

and respond to these types of molecules, as a result of their continued exposure to 

them. More specifically, we are interested in the flavonoids present in the food intake, 
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and their role as modifiers of signal pathways in beneficial microbes that may in turn 

affect their interaction with the host. 

Recently, several microbial transcription factors with the ability to mediate 

transcriptional activation in response to flavonoid exposure have been identified. These 

transcription factors have been discovered in different families, including TetR (LmrA, 

YxaF and TtgR; Hirooka et al., 2007; Teran et.al., 2006), MarR (YetL; Hirooka et al., 

2009), LysR (NodD; (Rossen et al., 1985) and most recently, LuxR (RhlR; Vandeputte 

et al., 2010). In most cases, they are involved in the regulation of genes due to the 

antimicrobial activity of flavonoids. 

The mechanisms through which LTTRs modulate gene expression are diverse. In 

Rhizobium leguminosarum NodD, a LysR type transcriptional regulator (LTTR) activates 

the expression of nodulation genes in response to the flavonoid naringenin (Rossen et 

al., 1985). One of the most intriguing aspects of LTTR members, however, is their ability 

to mediate transcriptional activation through DNA bending and differential interactions 

with the RNA polymerase. This type of mechanism has been documented in several 

LTTR members including CrgA, NodD, ArgP, BenM and CatM; however, they are all 

unique in the outcomes (Zhou et al., 2010; Craven et al., 2009; Chen et al., 2005; 

Sainsbury et al., 2009). For example in R. leguminosarum (Chen et al., 2005), in the 

absence of naringenin, NodD, binds to the nodA promoter region as a tetramer, 

promoting the DNA to bend. The addition of naringenin acted to sharpen this bend, 

inducing the expression of nodA and related genes;(Chen et al., 2005).  

The present study was undertaken to identify and characterize a new LTTR 

regulator KaeR (LVIS1989) in L. brevis, capable of mediating a positive response to the 
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flavonoid kaempferol. It was determined that kaeR (LVIS1989) is also positively 

autoregulated by the presence of the ligand. 

Results 

The LysR Member, KaeR (LVIS1989) Interacts With Flavonoids In Vitro  

A fluorescence based, small molecule screening assay was used to identify 

transcription factors that bind flavonoids in L. brevis. This technique is based upon a 

principle that when a ligand binds to a protein there will be a shift in its melting 

temperature. The SYPRO orange dye (Invitrogen, San Diego, CA) was used for these 

studies which changes its emission properties with the extent of protein unfolding. The 

more stable the protein the more will be the shift in its melting temperature after ligand 

addition (Figure 3-1). The flavonoids exhibiting at least 2 0C difference in the melting 

temperature were considered as a positive hit. 

The genome of L. brevis was searched for LysR type transcription regulators that 

are classified within the COG0583 (Cluster of Orthologous Genes). It was determined 

that L. brevis encodes for seven proteins classified within COG0583: LVIS0344, 

LVIS0398, LVIS0806, LVIS0910, LVIS1989, LVIS2088 and LVIS2204. Figure 3-2 

shows the genomic environment of L. brevis all LTTRs.  

All genes were cloned and the recombinant proteins were purified with the 

exception of LVIS0344 and LVIS0910, due to their poor solubility under the conditions 

tested. To establish the midtransition temperature (Tm), purified proteins for LVIS0398, 

LVIS0806, LVIS1989, LVIS2088 and LVIS2204 were subjected to thermal denaturation. 

The effect of flavonoids on the thermal stability of each protein was tested at 60 μM. 

Apigenin, naringenin, quercetin, acacetin, luteolin and chrysin had no effect on any of 

the proteins tested while, myricetin, kaempferol and hesperitin increased the thermal 



 

77 

stability of LVIS1989 (Table 3-1). Although myricetin, kaempferol and quercetin are 

flavon-3-ols that share a similar chemical scaffold, confirmation assays revealed that 

only myricetin and kaempferol bind to LVIS1989 in a dose dependent manner (50 μM - 

1 mM). Quercetin was not found to have stabilization effects on LVIS1989 (Table 3-1). 

Flavonoids are Involved in the Upregulation of LVIS1986, LVIS1987, LVIS1988, 
and LVIS1989 mRNAs 

To determine the in vivo effect of these chemicals on L. brevis, the genomic 

environment of LVIS1989 was analyzed to uncover putative genes regulated by this 

protein. In general, LTTR members are encoded divergently from the genes under their 

control. LVIS1989 is encoded on the plus strand, and shares high sequence identity 

with Oenococcus oeni PSU-1 (47% identity; GI: 116491191), L. plantarum WCFSI (41% 

identity, GI: 28379389) and L. rhamnosus (37% identity, GI: 258509654). None of the 

genes have been previously characterized. 

Upstream of LVIS1989, on the minus strand, three genes are encoded in an 

“operon like” structure. LVIS1988 and LVIS1987 have high sequence identity with 3-

polyprenyl-4-hydroxybenzoate decarboxylases (ubiD and ubiX, respectively). The third 

gene in the predicted operon, LVIS1986, encodes a conserved hypothetical protein 

composed of 136 amino acids. Interestingly, this operon structure is only conserved in 

O. oeni PSU-1 (NC_008528) (Fig. 3-3 A) where in Pediococcus pentosaceous ATCC 

25745 (NC_008525), L. gasseri JV-V03 (NZ_ACG01000006) and L. sakei 23K 

(NC_007576), the genes homologous to LVIS1986, LVIS1987, LVIS1988 and LVIS 

1989 may compose a single transcriptional unit. In contrast, partial associations are 

found in L. plantarum WCFSI (NC_004567) and L. rhamnosus GG (NC_013198). 

Downstream of LVIS1989, in the plus strain, LVIS1990 encodes for an N-

http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?val=116491191
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?val=28379389
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?val=258509654
http://img.jgi.doe.gov/cgi-bin/pub/main.cgi?section=ScaffoldGraph&page=scaffoldGraph&scaffold_oid=639633040&start_coord=910646&end_coord=1311560&marker_gene=639669363&seq_length=1780517
http://www.ncbi.nlm.nih.gov/sites/genome?Db=genome&Cmd=ShowDetailView&TermToSearch=25020
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formylmethionyl-tRNA deformylase (def 2). Comparative genomics performed using the 

Ortholog Neighborhood Viewer at the JGI Integrated Microbial Genomes website 

(http://img.jgi.doe.gov/), revealed that def2 is not phylogenetically linked to 

LVIS1986_1987_1988_1989. It was then tested if LVIS1986_1987_1988 comprised a 

single transcriptional unit. qRT-PCR experiments were performed using primers 

designed around the intergenic regions of genes LVIS1988, LVIS1987 and LVIS1986. 

(Table 2-6 indicated as L1986.1987 Fw and Rv, L1987.1988 Fw and Rv, L1988.L1989 

Fw and Rv). The results suggested that if LVIS1986_1987_1988 indeed formed a single 

transcriptional unit. 

Based on these results, the expression levels of LVIS1986, LVIS1987, LVIS1988 

and LVIS1989 were determined in the presence or absence of myricetin, hesperitin and 

kaempferol. L. brevis cells were grown in MRS broth with 10 µM of each flavonoid, then 

collected in both the early exponential phase (OD600= 0.3) and late stationary phase 

(OD600= 1.5). The mRNA levels were determined by qRT-PCR (Figure 3-3B and C). In 

exponential phase, kaempferol increased the expression of all four genes by 2.5-5 fold 

(Figure 3-3B), while myricetin was only found to induce the expression of LVIS1989 (by 

4 fold). Hesperitin was found to be a weak inducer of LVIS1986 (2 fold change), but had 

no effect on the other genes measured (data not shown). Interestingly, LVIS1986, 

LVIS1987, and LVIS1988 were induced in stationary phase cells grown in the presence 

of kaempferol (~2.5 fold) or myricetin (~2 fold) (Fig. 3-3 C). These results indicate that 

both flavonoids have the potential to induce gene expression, though the uptake or 

binding capabilities of kaempferol may occur with higher affinity. Based on these results, 

LVIS1989 was given the name KaeR, for kaempferol responsive protein.  

http://img.jgi.doe.gov/cgi-bin/pub/main.cgi?section=GeneNeighborhood&page=geneOrthologNeighborhood&gene_oid=639654146&show_checkbox=1&cog_color=yes
http://img.jgi.doe.gov/
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Identification of KaeR Binding Region 

Since most of the LTTRs are divergently transcribed from the promoter regulated 

by them (Schell, 1993, Maddocks and Oyston, 2008) the putative promoter region of 

KaeR Fkae1 was tested using EMSA assays. Putative promoter regions found 

downstream of kaeR were also tested (PLVIS1990 and PLVIS1991). Under standard 

conditions, KaeR interacted weakly with Fkae1 (Figure 3-4A and 3-6C) but not with 

PLVIS1990, PLVIS1991 (data not shown). A variety of primer combinations was utilized to 

obtain DNA fragments of various lengths to determine the region of binding that would 

result in stable DNA: KaeR complexes. The best results were obtained using fragment 

Fkae2 which comprised the intergenic region between LVIS1988 and LVIS1989, as well 

as the first 280 nucleotides of LVIS1988.  

EMSA analysis of Fkae2 and KaeR, revealed their binding to be concentration 

dependent; this was made evident by a correlated increase of high molecular weight 

oligomers, with increasing concentrations of KaeR (Figure 3-4B). Using KaeR at 100 

nM, Fkae2 was observed to form only a small complex with the protein. With 400 nM 

KaeR however, a larger, slower migrating complex was obtained, suggesting that KaeR 

oligomerizes cooperatively with DNA. The multiple intermediate complexes observed 

when using 250 nM KaeR (evidenced as a smear), suggest that in vitro the complexes 

are unstable. 

KaeR Interacts With Two Binding Sites Separated by 280 bp  

DNase I footprint assays revealed the presence of two binding sites, separated by 

280 bp. Binding site I protected the 41 nucleotide sequence from +2 to -39 (from the 

kaeR translation start codon, Figure 3-5A), while binding site II protected a 40 

nucleotide sequence, from -314 to - 353 (Figure 3-5B). KaeR binding site II is located 



 

80 

upstream from binding site I, and lies within the encoding sequence for LVIS1988. One 

imperfect inverted repeat cGATTt-N5-tAATCc was identified from -337 to -353 (Figure 

3-5C). Previous studies have reported LTTR binding at two distinct binding sites, 

namely the Activator Binding Site (ABS) and the Repressor Binding Site (RBS). Within 

the RBS, it has been proposed that a palindromic sequence (T-N11-A) is involved with 

gene activation or repression (Wilson et al., 1995). Binding site I contains an imperfect 

inverted repeat (TTATgCCtaaatGGaATAA), and overlaps a putative -10 sequence in 

the promoter region of kaeR (Figure 3-5C). Of note is the presence of the conserved 

cytosine and guanine (CC-N5-GG) which may mediate contact with KaeR, as shown for 

CatR (Parsek et al., 1992) and TrpI (Chang and Crawford, 1991; Gao and Gussin, 

1991).  

The Two Protected Regions are Required for the Formation of Higher Order 
Complexes In Vitro  

To determine if the two protected sequences identified by DNase footprint are 

required for KaeR binding, multiple primer combinations were used to generate ~200 bp 

long probes containing binding site I (-176 to +33, Fkae1) or binding site II (-400 to -167, 

Fkae3) (Figure 3-6). Their binding was then compared to a probe containing both 

protected regions (-400 to +33, Fkae2) (Figure 3-6A). A very weak modification in the 

electrophoretic mobility was found when using site I (Fkae1, Figure 3-6C), while no 

significant increase in complex formation was observed when site II was considered 

(Fkae3) (Figure 3-6D). The use of a longer fragment (-176 to +122, Fkae5) containing the 

complete intergenic region (but only binding site I) showed an increase in the stability of 

the KaeR-DNA complex (Figure 3-6B). To determine if additional binding sequences 

were present in that region, a fragment within the intergenic region, ending just outside 
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site I and site II, was amplified (-312 to -40, Fkae4). KaeR binding was not observed in 

the presence or absence of the ligand (data not shown). These results indicate that 

binding site I may be the primary binding site, while binding site II may only be required 

to stabilize the KaeR oligomer on DNA. 

KaeR Activity is Modulated by Kaempferol In Vitro  

The effect of kaempferol on the ability of KaeR to bind DNA was assessed by 

EMSA. For this experiment, 20 µM kaempferol was added to increasing concentrations 

of KaeR. Modifications in the mobility of the KaeR:Fkae2 complex were observed. When 

kaempferol was present in excess of 500 fold, the KaeR: Fkae2 complex was able to form 

a stable intermediate complex (Figure 3-6A). At lower ratios however (400 fold excess), 

kaempferol did not affect the migration of the complex. Unfortunately, higher 

concentrations of the kaempferol could not be tested due to its poor solubility in buffer. 

The differences observed in the complex migration, may result from variations in 

the oligomeric state of KaeR, induced by interactions with the ligand. To explore this 

possibility, the oligomeric state of KaeR was assessed by gel filtration experiments. The 

majority of KaeR eluted as a monomer, (apparent MW = 40 kD) however the observed 

sizes were slightly larger than the expected monomeric size of 34 kDa. Additionally, a 

small percentage of tetramer-like species (apparent MW=160 kDa) was detected, and a 

small peak with an estimated MW of 5 kDa was also observed (Fig. 3-7A). No extra 

bands, however, were obtained on SDS-PAGE gels (Figure 3-7B). An increase in 

tetramer-like species was observed following the addition of kaempferol or myricetin (10 

μM) while the “non binding” flavonoids such as hesperitin and naringenin had no effect. 

The presence of higher oligomeric forms (>300 kDa) was also detected, evidenced by 

the increased concentrations observed in the void volume. Marginal increment of high 
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order oligomers in the presence of ligands has previously been reported for AtzR, 

although the main product was the tetrameric form in all cases (Porrúa et al., 2007). 

Here, the binding of kaempferol induced a major shift from the monomer to the 

tetramer-like species of KaeR (Figure 3-7). 

Taken together, the increased stability of tetramers in the presence of kaempferol, 

correlates with the variations observed in the Fkae2:KaeR complex migration. The 

compact state of the tetramer may have mechanistic implications, such as the DNA 

bending mechanism previously shown for other LTTR proteins (Muraoka et al., 2003; 

Zhou et al., 2010; Porrúa et al., 2007; Chen et al., 2005; Sainsbury et al., 2009). 

Based on these results, additional EMSA analysis was carried out to determine if 

the binding of KaeR to site I (Fkae1 and Fkae5) or site II (Fkae3), could be improved by the 

addition of the ligand. As shown in Figure 3-6C, at low protein concentration (250 nM) 

the complex Fkae1:KaeR migration is very weak and kaempferol marginally modified the 

migration. The addition of kaempferol to the Fkae3:KaeR or to the Fkae5:KaeR complex 

had no effect on the stability of the complex (Figure 3-6 B and D). These results indicate 

that kaempferol-induced variations of the Fkae2:KaeR complex, depend on the presence 

of both binding sites.  

In Vivo Assessment of KaeR’s Binding Sites on LVIS1988 Expression  

To gain functional insight on the KaeR binding sites, transcriptional fusions to the 

lacZ reporter gene were constructed and the regulation studies were conducted using 

B. subtilis as a surrogate host. Of note, B. subtilis M168 does not contain genes with 

high similarity to the genes under study. 

To determine if each binding site was necessary for expression of the LVIS1988 

gene, the promoter region of LVIS1988 was fused to the lacZ gene, using the 
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integrative plasmid pDG1663 (Guérout-Fleury et al., 1996). The complete kaeR gene 

sequence was cloned in cis, to maintain the same genomic context found in L. brevis 

(Figure 3-8). Strain SP01 contains both KaeR binding sites, while strain SP02 contains 

only binding site I. A higher basal expression level was observed in SP01 (54 ± 0.9 

Miller Units) when compared to SP02 (17 ± 2.7 Miller units). Interestingly, induction was 

observed in both transcriptional fusions when kaempferol, or the structurally related 

myricetin, was added to the medium. In the presence of kaempferol, induction was 

increased by 2.5 fold in strain SP02, while a 3.4 fold increase was observed in strain 

SP01. These results indicate that although binding site II is not essential for induction of 

LVIS1988, expression levels are enhanced when it is present. 

To determine if KaeR is required for expression of LVIS1988, β-galactosidase 

activities of two strains carrying the LVIS1988-kaeR intergenic region (containing 

binding sites I and II) in absence (strain SP07) or presence of kaeR (strain SP06), were 

compared. The kaeR gene was cloned in trans as a chromosomal insertion at the lacA 

locus and expressed from a xylose inducible promoter (strain SP06). Similar low 

expression levels were obtained in SP07 (17 ± 5.0 Miller units) and SP06 (13 ± 0.9 

Miller units). The addition of kaempferol resulted in a 2 fold increase in β-galactosidase 

activity in SP06 (26 ± 0.1 Miller units), while no changes were observed in SP07. 

Although expression of LVIS1988 was induced in SP06 with kaeR positioned in trans, 

the activity values were lower than those obtained when kaeR was expressed in cis 

(SP01, 183 ± 1.6 Miller units). These results indicate that both the location and 

expression levels of KaeR are important for optimal induction of the LVIS1988 gene.  
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KaeR is Positively Autoregulated  

To determine if KaeR mediates its own regulation, the same fragment used in 

SP07 (containing KaeR binding site II and the intergenic region between LVIS1988 and 

LVIS1989) was cloned in the opposite orientation in pLG103 (Belitsky and Sonenshein, 

2002) and integrated into the amyE locus (strain SP03). The resulting basal expression 

level was higher (48 ± 2.2 Miller units) than that observed for LVIS1988 (SP07, 17 ± 5.0 

Miller units) (Figure 3-8). The expression of the kaeR promoter was then assessed 

when kaeR was cloned in trans (as a chromosomal insertion at the lacA locus, strain 

SP04). In the SP04 strain, basal level expression of kaeR did not modify expression 

from the PkaeR promoter (44 ± 3 Miller units). Furthermore, expression levels were not 

significantly affected by the addition of 0.5 % xylose, and similar β-galactosidase activity 

was observed when only binding site I was present (strain SP05, Figure 3-8).  

Expression levels of the kaeR promoter were assessed in both the presence and 

absence of kaempferol or myricetin using strains SP04 and SP05. In both strains, the 

expression of the reporter gene was increased from 1.9 to 2.9 fold, following the 

addition of kaempferol, although the higher levels were seen only in SP05, where only 

binding site I was present. A similar ratio was obtained using myricetin as the inducer 

(Figure 3-8). These results indicate that activation of kaeR transcription is dependent on 

the presence of KaeR and the inducer molecule. 

Discussion and Conclusion 

In terrestrial environments, plant derived flavonoids serve as important signaling 

molecules for microbial gene expression. Upon interaction of these compounds with 

specific microorganisms such as Rhizobium, plant nodulation is induced (Brencic and 

Winans, 2005). However, their effects on the regulatory networks of other 
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microorganisms commonly isolated from environments that are rich in these plant-

derived compounds, like Lactobacillus, are largely unknown. Though flavonoids 

represent a significant component of the human diet, the specific effect of flavonoids 

and their derivatives within the host signal transduction pathways, are just emerging. 

We hypothesized that flavonoids may serve as signal molecules that are indirectly 

involved with the modulation of probiotic traits. In vitro screening was conducted against 

a small library of flavonoids, using purified transcription factors from the LTTR family. 

KaeR was successfully identified as a transcriptional regulator that binds kaempferol as 

an effector molecule. Since this is the first study at the molecular level to identify a 

Lactobacillus species responsive to flavonoids, this work was directed towards 

understanding the mechanisms of transcriptional regulation by this new member of the 

LysR family.  

The LTTR family is one of the largest in prokaryotes (Pareja et al., 2006), yet the 

mechanisms behind their regulatory actions are largely unknown. Members of the LTTR 

family regulate transcription of a diverse population of genes, including those involved 

with antibiotic resistance, sporulation, virulence, DNA replication and nodulation 

(Maddocks and Oyston, 2008). While LTTR members are abundant in most bacterial 

genomes, only seven members are known to be encoded in L. brevis (5% of the 

transcription factors). These proteins share low sequence identity and most genes 

under their regulation have unknown functions. KaeR shows the typical genomic 

organization found in transcription factors that belong to the LTTR family. It is encoded 

divergently of three genes: LVIS1988, LVIS1987 and LVIS1986. The first two genes 

(LVIS1988 and LVIS1987) have high sequence identity to 3-polyprenyl-4-
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hydroxybenzoate decarboxylase, while LVIS1986 has no homologs with known 

function. These genes, including kaeR, were upregulated by the addition of kaempferol 

to the growth media. Although the biochemistry of these genes is unknown, they may be 

involved in kaempferol modification or degradation.  

Several mechanisms of LTTR-mediated gene regulation have previously been 

described (Schell, 1993; Maddocks and Oyston, 2008). Of these, the large majority 

involve transcriptional activation of the regulated genes, while the LTTR is negatively 

autoregulated. Furthermore, the mode of regulation is most frequently determined by 

the location and affinity of the DNA binding sequences. Based on the results obtained in 

vivo with LacZ fusions, KaeR is positively autoregulated. Very few examples have 

previously been reported with this mode of regulation. YtxR from Yersinia enterocolitica 

(Axler-DiPerte et al., 2006) controls the expression of the ytxAB genes potentially 

involved in the production of an enterotoxin. Although ytxR is also positively 

autoregulated, it has been proposed that a small molecule might not be required, since 

increased expression of YtxR is sufficient to activate transcription (Axler-DiPerte et al., 

2006). These results indicate that the mechanism of KaeR is different from that of YtxR 

in the sense that KaeR is positively autoregulated upon interaction with the inducer 

molecule. 

The operon structure of KaeR is commonly found in other LTTR members that are 

negatively autoregulated. Such is the case with NodD, the only other LysR member 

previously studied for regulation by flavonoids (Peters et al., 1986; Redmond et al., 

1986; Firmin et al., 1986; Rossen et al., 1985). Interestingly, similarities between KaeR 

and NodD also include the presence of overlapping promoters, both proteins are 
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divergently encoded by the genes they regulate, and each is capable of responding to 

flavonoids. KaeR, however, does not share sequence identity to NodD, and the 

mechanism of regulation seems to differ significantly between the two proteins. 

Previous studies have shown NodD is expressed constitutively in Rhizobium 

leguminosarum, and it is negatively autoregulated by flavonoids (Rossen et al., 1985). 

According to the classical model of transcriptional activation, LTTRs usually bind 

DNA as oligomers (tetramers in general) in absence of a signal molecule. The “sliding 

dimer” model of regulation has been proposed in AtzR in which two subunits bind the 

RBS while two subunits bind the ABS, provoking a sharp bend in the DNA (Porrua et 

al., 2007). Subsequent binding of cyanuric acid would relax the DNA bend, facilitating 

the interaction with RNAP, and thus leading the enhanced expression from the 

promoter. Here I showed that KaeR binds two sequences. Site I is located -39 to +2 bp 

upstream of kaeR (LVIS1989) while site II is located within LVIS1988, -314 bp to -353 

bp upstream of site I. In vivo I observed that while both sites are required for optimal 

expression, induction by kaempferol can be attained by the presence of site I alone. 

There are few previously documented studies where LTTR binding sites were located 

within the up-regulated genes. LadA from Myxococcus xanthus, binds in the dev operon 

between +319 and +376 (Viswanathan et al., 2007b). Similarly, MetR from Salmonella 

typhimurium binds in metF from +62 to +85 (Cowan et al., 1993). MetR binding to the 

downstream sequences also requires binding to the -95 to -50 sequences. In both LadA 

and MetR, binding results in gene activation. It has been proposed that MetR could act 

as an anti-repressor to destabilize MetJ binding though steric hindrance by either 

directly contacting the RNA polymerase or through DNA bending (Cowan et al., 1993). 
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A similar hypothesis was formulated for LadA based on the fact that negative regulatory 

elements were found between +219 and +280 in the dev operon (Viswanathan et al., 

2007a). Although I have not determined the direct binding of another transcription factor 

to the Fkae2 fragment, it is possible that KaeR act through a similar mechanism of DNA 

bending followed by activation of gene expression.  
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Table 3-1.  Stabilization effect of ligand binding. The thermal stabilization of 10 µM 
KaeR using 60 µM ligand was evaluated by fluorometry. 

Chemical Structure ΔTm1 (°C) 

Myricetin 

 

 

23.2 

Hesperitin 

 

 

2.6 

Kaempferol 

 

2.5 

Quercetin 

 

0.2 

Apigenin 
 

 

 

0.2 

Naringenine 
 

 

 

0 

Acacetin 
 

 

0.2 

Luteolin 

 

 

0 

Chrysin 
 

 

0 

1Delta temperature was calculated as the difference in the transition temperature 
between the protein in the absence and presence of given ligand.



 

90 

 
 

 

 

 

Figure 3-1.  Fluorescence based ligand screening assay. The melting curve for KaeR 
native protein is shown by the red line whereas the melting curve of the KaeR 
with the ligand (myricetin) is indicated by the green line. The vertical line 
represents the respective midtransition temperatures. Tm- transition 
temperature of unfolding in the absence of ligand, T0m- transition temperature 
of unfolding in the presence of ligand. Hits were determined by formula T0m-
Tm = > 2 0C. 
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Figure 3-2.  Genomic environment of the L. brevis genes encoding LysR type 
transcriptional regulators. The genes encoding LTTRs are shown in black. 
The numbers represent the number of bp in the predicted intergenic regions. 
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Figure 3-3.  Identification of the genes regulated by LVIS1989 (KaeR). (A) The genomic 
environment of LVIS1989 was extracted and compared to the closest ortholog 
neighborhood regions. (B and C) Effect of addition of flavonoids on mRNA 
levels of genes encoded divergently to LVIS1989. L. brevis cells were grown 
in MRS broth in absence (control, white bars) and presence of 10 μM 
myricetin (grey bars) or kaempferol (black bars) and cells were collected 
during exponential phase (B) or stationary phase (C). RNA extractions and 
qRT-PCR was performed as described under “Materials and methods”. The 
amplification values obtained were corrected with those obtained using rpoD 
as internal control. The values shown are relative to those observed for the 
same gene in cells grown in absence of flavonoids.
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Figure 3-4.  Identification of the KaeR binding region. (A) To determine the DNA region 
for KaeR binding various DNA fragments were obtained by combining 
different primers in the LVIS1988-LVIS1989 intergenic region. EMSA results 
are summarized in the inset Table. (+) Positive binding of KaeR using 250 nM 
of pure protein; (-) Negative binding using up to 500 nM of purified KaeR 
protein. (B) EMSA assays performed using increasing concentrations of KaeR 
(100-500 nM, as indicated) with fragment Fkae2. 
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Figure 3-5.  Identification of KaeR binding sites. DNase I footprinting assays identified 
(A) a protected site I located upstream KaeR (residues +2 to -39, from the 
translation start point of KaeR); and (B) protected site II located within 
LVIS1988 (residues -314 to -353, from the translation start point of kaeR). 
The electropherogram shows a fragment of the digested probe in absence 
(black) or presence (white) of KaeR highlighting the protected region. The 
reaction mixture was treated as described in “Experimental procedures” using 
a probe generated by using the primers D1_Fw and E3_Rv shown in Table 2-
4. The nucleotide sequence protected by KaeR is shown in the bottom of the 
panels. (C) Analysis of the intergenic region between the divergently 
transcribed genes LVIS1988 and LVIS1989. The protected sites I and II are 
boxed. Predicted Shine Dalgarno sequence (SD) and -10 and -35 of the PKaeR 
is indicated. 
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Figure 3-5.  Continued 
 
 
.
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Figure 3-6.  Effect of kaempferol on KaeR binding to the different binding sites. EMSA 
assays were performed using (A) Fkae2 (containing binding site I and II), (B) 
Fkae5 (containing site I), (C) Fkae1 (containing site I) and (D) Fkae3 (containing 
site II) fragments. The concentration of kaempferol was maintained at 20 μM. 
The presence or absence of each key component in the reaction mix is 
indicated on top of each panel. The full binding conditions are described 
under “Materials and methods”.
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Figure 3-7.  (A) Gel filtration analysis of KaeR oligomerization in presence of 
kaempferol. KaeR preincubated in absence (continuous line) or presence of 
10 μM kaempferol (dotted line) was passed through a Superose 12 column, 
as described in “Materials and methods”. (B) SDS-PAGE showing the 
homogeneity of KaeR after purification by nickel affinity chromatography.
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Figure 3-8.  In vivo assessment of KaeR’s binding sites. The analyses were performed 
using B.subtilis as a surrogate strain. For each strain used, a graphical 
representation is made that indicate the presence of site I or II, the location of 
kaeR (in cis or integrated at the lacA locus) and the orientation of the fusion. 
Cells were grown to early stationary phase and β-galactosidase assays were 
performed as indicated in “Materials and methods”. NA-not applicable, ND- 
not determined. 

 



 

99 

CHAPTER 4 
IDENTIFICATION OF KAER AMINO ACIDS INVOLVED IN LIGAND INTERACTION 

Introduction 

The objective of this study was to identify the KaeR amino acids involved in the 

kaempferol interaction and oligomerization. CbnR from Ralstonia eutropha NH9 was the 

first full length LTTR structure crystallized in 2003 (Muraoka et al., 2003). Though 

LTTRs are the most abundant family in prokaryotes, only four LTTR structures have 

been determined, namely, CbnR (Muraoka et al., 2003), CrgA (Sainsbury et al., 2009), 

ArgP (Zhou et al., 2010), and TsaR (Monferrer et al., 2010). It is thought that the low 

solubility of these proteins and the high flexibility of the helix-turn-helix DBDs under 

crystallization conditions are the reasons for the low success obtained with this family of 

proteins. No effector has been co-crystallized with proteins either. More protein 

structures are available for effector binding domains (EBDs) of LTTRs. Some examples 

include OxyR (Choi et al., 2001), CysB (Tyrrell et al., 1997), BenM (Craven et al., 2009), 

and CbI (Stec et al., 2006). 

Based upon ligand bound EBD crystal structures it became evident that the C 

terminal residues are involved in ligand interaction. This was also confirmed by genetic 

studies as assessed in CbI (Stec et al., 2006), BenM (Craven et al., 2009), OxyR (Choi 

et al., 2001), CysB (Lochowska et al., 2001), and ArgP (Zhou et al., 2010). Mutation in 

the C-terminal domain residues caused altered transcriptional activity from the 

respective promoters. Also, the genetic analysis and bioinformatics studies suggested 

that the N-terminal 60-70 residues are involved in DNA binding (Schell, 1993; 

Lochowska et al., 2001). As described previously, the DNA binding helix turn helix 

spans from the 23 to 43 amino acid residues. The C-terminal domain is divided into two 
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sub domains regulatory domain I (RD I) and regulatory domain II (RD II) (Schell, 1993; 

Tyrrell et al., 1997). The co-inducer binding cleft is present between these two domains. 

It has also been shown that the last 60 amino acids in the C- terminal of NahR are 

necessary for optimal DNA interaction (Schell et al., 1990). Similarly, in the ArgP crystal 

structure, the DBD interaction with the extreme C-terminal residues of the effector 

binding domains was observed supporting the possible role of the C-terminal residues 

in DNA interaction (Zhou et al., 2010). 

In CbnR, two forms of the protein were observed, a compact form and another 

extended form. The CbnR dimers are comprised of the two subunits, a compact form 

subunit and extended form subunit that interact through the linker helices (Figure 4-1). 

In the crystal structure, CbnR was dimer of dimers in which the DBDs were aligned 

along one face of the tetramer whereas the regulatory domains were located on the 

opposite side. The regulatory domains in the dimers were arranged in an anti parallel 

fashion. The regulatory domains face had a 50 Ǻ cleft to accommodate a ligand. Similar 

tetrameric arrangement was observed in the case of ArgP (Figure 4-2). In addition to 

the two forms of the monomers within a dimer, two forms of dimers were observed in 

ArgP. The two dimers differed in the dimerization domains, one dimerized through DNA 

binding domains whereas another through the regulatory domains (Zhou et al., 2010) 

(Figure 4-3). The TsaR structure confirmed that the two types of the monomers might 

be a common theme in the LTTR family. The dimers were formed from a compact and 

an extended subunits of the protein which dimerized through the antiparallel linker 

helices. However, the tetrameric TsaR structure was different from that of CbnR and 

ArgP. In the TsaR tetramer, the regulatory domains were arranged in antiparellel 
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fashion but the DBDs were arranged diagonally. The TsaR tetramer had a flat square 

shape rather than a diamond shape which was evident in CbnR and ArgP tetramers. 

Based upon the flexible regulatory domain and the lack of extensive interface contacts 

among C-terminal domains it was suggested that the structure represented the active 

ligand bound “open form” in contrast to the inactive “closed form” structure found in 

CbnR (Monferrer et al., 2010).  

Thus, most of the crystallized LTTR structures suggested that the dimers can be 

composed of open and closed subunits whereas the DBDs and RDs are arranged to 

favor the classical model of gene regulation by LTTRs. However, another protein CrgA 

is the only exception to this rule. It is ring shaped where only the “compact” form of the 

monomers is found (Sainsbury et al., 2009). 

Since the structure for KaeR has not been solved, a bioinformatics approach was 

used to construct a structural model. The EBD of the modeled KaeR structure was 

aligned to other proteins crystallized with a ligand and putative residues involved in 

flavonoid interaction were identified. The amino acid residues were modified to alanine 

by site directed mutagenesis. The mutant proteins were expressed in E. coli and 

purified by using Ni affinity chromatography as described in materials and methods. The 

purified proteins were used for size exclusion chromatography and EMSA studies to 

assess the effect of the mutations on oligomerization, DNA interaction and in the 

response to flavonoids. 

Results 

KaeR Structure Modeling- 

The protein structure prediction was performed by using the web interface 

programs SWISS-MODEL workspace (Benkert et al., 2011) and PHYRE 
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(www.sbg.bio.ic.ac.uk/ phyre, Protein Homology Analogy Recognition Engine, Imperial 

College, London) (Kelley, 2009) (Table 4-1 ). The search in PHYRE program was able 

to identify a template protein, PDB 1IXC. This protein corresponds to full length 

structure of CbnR from Ralstonia eutropha NH9 (Muraoka et al., 2003). KaeR had a 15 

% sequence identity to CbnR. The predicted structure was confirmed by using another 

program, SWISS-MODEL workspace (automated mode query), which has a different 

algorithm to predict the structure. In PHYRE, the C-terminal domains were also 

modeled. The program identified CynR (PDB # 3HFU) as a EBD structure with the 

highest probability and sequence identity (100 % and 23 % respectively). Table 4-1 

summarizes the modeling results obtained. 

In the KaeR modeled structure, the DBD is comprised of 3-88 residues whereas 

89-293 residues are part of C-terminal regulatory domains. A predicted wHTH domain is 

connected to the regulatory domain through linker helix formed from 60 to 88 amino 

acids. The regulatory domain I (RD I) is formed by amino acids 89 to 167 and 268 to 

293 whereas regulatory domain II (RD II) is formed by residues 168 to 267. The 

regulatory domain I is comprised of 5 beta strands and 4 alpha helices and regulatory 

domain II is comprised of 3 beta strands and 5 alpha helices (Figure 4-4). To compare 

the two models, the respective PDB files were downloaded and aligned using PyMOL. 

The two models were highly similar (Figure 4-5 A). Although KaeR was modeled to the 

CbnR full length protein, the structure of CynR had a small molecule in the predicted 

binding pocket. 

Based on these results further analysis was carried out using the CynR (PDB # 

3HFU) structure as the template. 



 

103 

Identification of Residues that Modulate KaeR Activity 

CynR from E. coli is involved in cellular response to azide (Singer et al., 

unpublished). Although the molecular structure of CynR is publically available in the 

RCSB server, the analysis of the structure of CynR has not been published yet. I 

performed the analysis on the CynR ligand binding pocket. As expected the azide 

molecule is located in a cleft formed between regulatory domain I and II (Figure 4-5 C). 

Within the same cleft another small molecule, ethanediol was found. This compound is 

commonly used as a protein stabilizer during the crystallization conditions. Although, it 

is not expected that ethanediol has a biological role in CynR, it may be required to 

stabilize the protein.A structural alignment between KaeR and CynR was performed 

(Figure 4-5A). The ligand binding site overlapped well. In contrast to CynR, where two 

binding sites were observed, a large continuous binding site was present in KaeR 

(Figure 4-5B). These differences may be due to a bigger ligand (i.e. kaempferol) can be 

accommodated in the KaeR cavity. 

To identify the residues in KaeR that mediate binding with kaempferol, the 

residues involved in ligand binding in CynR were analyzed. The ligand explorer tool at 

the RCSB was used. Figure 4-6 shows the residues involved in azide binding. 

Threonine 100 and 200 are responsible for hydrogen bonds with the ligand. T200 is the 

major residue responsible for the hydrogen contacts with the N1, N2 and N3 in azide. 

T100 forms one hydrogen bond through a water molecule (bridged hydrogen bond). In 

the structural alignment of CynR and KaeR, the CynR T100 and T200 correspond to the 

P100 and V205 in KaeR. The additional residues R148 and Q153 were identified within 

4 Ǻ radius of azide in KaeR. Ethanediol interacted with the P99, E126 and I224 residues 

in CynR. In KaeR these residues correspond to P100, E127 and I229 (Figure 4-7). 
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Next, I used site directed mutagenesis to determine if the residues identified in 

the putative ligand binding pocket of KaeR are involved in the modulation of KaeR 

activity. To this end, residues P100, E127, R148, Q153, V205 and I229 (Figure 4-8) 

were changed to alanine. The effects of mutations were assessed on the DNA binding 

capabilities as well as on the oligomeric form of the protein. 

Effects of Mutations on the DNA Binding Properties of KaeR- 

As described earlier (chapter 3), KaeR binds two sequences within the promoter 

region of LVIS1988 / KaeR. In vitro, using EMSA assays, it was observed that KaeR 

binding to Fkae2 results in an intermediate complex at low protein concentration (250 nM) 

(complex 1) and a large complex (complex 2) at concentrations higher than 400 nM. 

The effects of mutations on KaeR were first assessed on the ability of the proteins to 

bind to the DNA (Figure 4-9). At protein concentrations of 100 nM, the P100A, V205A, 

Q153A E127A and I229A mutants showed a weak DNA binding while no binding was 

observed for the wild type KaeR at this concentration. All mutants tested were able to 

form complex 1 at concentration similar to the wild type protein. It was observed that 

mutations on P100A and Q153A dramatically affected the formation of complex 2. 

Mutations on V205A, E127A and I229A resulted in a formation of weak complex 2. The 

mutation on R148A had no effect on the formation of higher order complex.  

The effect of kaempferol was then tested on each mutant. The V205A KaeR 

mutant formed a very weak complex 2 that it was disrupted in presence of kaempferol. 

All other mutations failed to modify their binding to DNA in presence of the ligand. 

Effect of Mutations on the Oligomeric State of KaeR 

Based on the defects on complex 2 formation displayed by the mutants in EMSA 

assays, the purified proteins were subjected to size exclusion chromatography studies. 
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As previously described (chapter 3), KaeR eluted as a monomer (40 kDa observed 

molecular weight). The addition of kaempferol resulted in the formation of tetramers 

(160 kD observed molecular weight). All mutations performed in the hinge 3 displayed 

changes in the oligomeric state of KaeR. Mutations on P100A, V205A resulted in elution 

as tetramers that were not changed by the addition of kaempferol. KaeR mutated in 

Q153A, I229A and R148A eluted as dimers (71 kDa). Addition of kaempferol favored 

the oligomerization of the proteins into larger complexes (216 kDa) (Figure 4-10). The 

major species of KaeR E127A were tetrameric (160 kDa) whereas a smaller peak (34 

kDa) that may correspond to the monomeric form was also observed. The addition of 10 

μM kaempferol did not modify the elution profile. 

Conclusions 

The signal transduction mechanisms underlying transcriptional activation are 

poorly understood. It involves inter-domain communication upon binding, of a ligand. 

Some research groups have proposed that the linker helix (between DBD and EBD) is 

involved in signal transduction (Lu et al., 2010). Our results indicate that in KaeR the 

flexibility of the EBD may mediate this process. 

In the modeled KaeR it was observed that the hinge 3 region in EBD (between 

RDI and RDII) is also involved in dimerization. To determine if the same residues that 

mediate dimerization are involved in ligand binding, I conducted site directed 

mutagenesis. Interestingly, the mutants displayed changes in the oligomeric state of the 

proteins and impaired DNA binding. In CynR, E126 (equivalent to KaeR E127) is 

located in the dimerization interface (Figure 4-11) and in the close proximity of the 

ethanediol molecule. The presence of a negatively charged residue in this interface may 

contribute to the flexibility in the hinge region. In KaeR, the removal of this residue 
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(E127 mutant) resulted in stable tetramers in solution that were able to oligomerize 

cooperatively on DNA. The addition of kaempferol did not modify the migration of the 

Fkae2:E127A complex or the oligomeric status of the protein in solution.  

Based on these results, I propose that the hinge 3 region is the location of ligand 

interaction. The presence of the ligand would promote protein oligomerization by 

sequentially combining different forms of KaeR monomers (in open and closed 

conformations). This proposal is based on the observation that all residues mutated in 

the dimerization interface resulted in stable dimers or tetramers with DNA binding 

defects. Further experiments with additional mutants will be required to test this 

hypothesis.
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Table 4-1.  Summary of the KaeR homology modeling results. 

Template PDB # E-value % Seqa  
Identitya 

Ligand % Probb  

CbnR 1IXC 0 15  100 

CatM Variant 
(R156H) 

3GLB 0 20 (2Z,4Z)-HEXA-2,4-
Dienedioic acid, 
Glycerol, Sulphate 

100 

BenM 
Variant 
(R156H, 
T157S) 

2H99 0 18 Acetate, Chloride,  
Glycerol, Sulphate 

100 

CysB 1AL3 1.40E-45 17 Sulphate 100 

DntR 
(Y110S, 
F111V)  

2UYE 4.00E-38 15 Glycerol, thiocyanate 100 

PA0477 2ESN 3.00E-37 19  100 

CynR 2HXR 3.80E-32 23  100 

CynR 3HFU NDc 23 Azide, ethanediol ND 
aSequence, bprobability, cnot determined. 
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Table 4-2.  Summary of KaeR mutation studies 

  DNA binding assays       Oligomeric state 

Protein Complex 1 Complex 2 Modification by 
Kaempferol 

(-) ligand) (+) ligand 

KaeR 
(WT) 

+ +++ + Monomer Tetramer 

P100A + + - Tetramer Tetramer 

V205A + ++ + Tetramer Tetramer 

R148A + +++ + Dimer Octomer 

Q153A + + + Dimer Octomer 

E127A + + - Monomer 
and 
Tetramer 

Monomer and 
Tetramer 

I229A + ++ + Dimer Octomer 
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Figure 4-1.  CbnR and ArgP dimers: A) CbnR dimer (PDB 1IXC). B) ArgP dimer (PDB 
3ISP).The extended subunit is shown in orange color whereas the compact 
subunit is indicated in cyan color. The putative ligand binding pockets are 
indicated by a red circle. The ligand binding region is present in a cleft formed 
around hinge 3. RDI: regulatory domain I, RDII: regulatory domain II, wHTH: 
winged Helix-Turn-Helix, H1: Hinge1, H2: Hinge 2, H3: Hinge 3, LHs: Linker 
helices. 
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Figure 4-2.  CbnR tetramer (PDB # 1IZ1): The DNA binding domains are present along 
one face of the tetramer. Corresponding DNA recognition motifs are indicated 
as wHTH (Winged Helix-Turn-Helix). Two DBDs are involved in ABS 
recognition whereas the remaining two recognize the RBS. The regulatory 
domains in each dimer are arranged in an antiparallel fashion. The ArgP 
tetramer regulatory domains arrangement is shown in inset. RBS: 
Recognition or Repression Binding Site, ABS: Activator Binding Site, wHTH: 
winged Helix-Turn-Helix,CS: Closed subunit protein (compact form subunit), 
OS: Open Subunit protein (Extended form subunit)1. 

 

                                            
1Inset figure reprinted with permission from Elsevier. Zhou, X., Lou, Z., Fu, S., Yang, 
A.,Shen, H., Li, Z., Feng, Y., Bartlam, M., Wang, H., and Rao, Z. (2010) Crystal 
structure of ArgP from Mycobacterium tuberculosis confirms two distinct conformations 
of full-length LysR transcriptional regulators and reveals its function in DNA binding and 
transcriptional regulation. J Mol Biol 396: 1012-1024. 
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Figure 4-3.  ArgP tetramer (PDB # 3ISP): A) DNA binding domain dimer and B) 
Regulatory domain dimer C) ArgP tetramer. The DNA binding domains are 
indicated by circles. CS-Closed subunit protein (Compact form), OS-Open 
Subunit protein (Extended form), DBD1-DNA Binding Domain 1, DBD2- DNA 
Binding Domain 2, DBD3- DNA Binding Domain 3, DBD4-DNA Binding 
Domain 42. 

 

 

 

 

                                            
2Reprinted with permission from Elsevier. Zhou, X., Lou, Z., Fu, S., Yang, A., Shen, H., 
Li, Z., Feng, Y., Bartlam, M., Wang, H., and Rao, Z. (2010) Crystal structure of ArgP 
from Mycobacterium tuberculosis confirms two distinct conformations of full-length LysR 
transcriptional regulators and reveals its function in DNA binding and transcriptional 
regulation. J Mol Biol 396: 1012-1024. 
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Figure 4-4.  KaeR domains arrangement: DNA Binding Domain (DBD) is indicated by a 
green box, RDI is shown in orange and light yellow. RDII is shown in yellow. 
B) The KaeR DNA Binding Domain (DBD). Helices involved in DNA 
recognition are indicated as H2 and H3. C) KaeR regulatory domains 
arrangement. The putative ligand binding pocket is shown by a black circle. 
D) the full length KaeR modeled structure. H2-Helix 2, H3-Helix 3, wHTH- 
winged Helix-Turn-Helix, Regulatory domain I, RD-regulatory domain, RDII-
regulatory domain II, DBD-DNA Binding Domain.
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Figure 4-5.  The effector binding domain of CynR (PDB # 3HFU) was aligned to the 

structural model of KaeR. A) Structural alignment of KaeR (RDI- orange and 
RDII- wheat color) and CynR (RDI-green, RDII-yellow orange). Surface 
representations of B) KaeR and C) CynR shows the accessibility of the ligand 
binding pockets. Azide is shown in red and ethanediol is indicated in pink. 
The ligand binding pocket is indicated by blue circles.
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Figure 4-6.  Analysis of the azide ligand binding pocket in CynR. The zoomed square 

depicts the residues in CynR (green) involved in azide (red) binding. The 
aligned residues in KaeR within a 4Ǻ distance from azide are circled. 
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Figure 4-7.  Residues involved in ethanediol binding. Structural alignment of CynR 

(green) and KaeR (cyan) EBDs. The corresponding residues in KaeR are 
circled. EDO: ethanediol, AZ: azide.
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Figure 4-8.  Summary of the putative KaeR residues involved in the ligand binding. A) 

Cartoon diagram of the RDs in KaeR showing the putative amino acids that 
contact the ligand (indicated as sticks). B) SDS-PAGE gel of the wild type and 
mutant forms of KaeR. MW- Molecular weight marker. EDO: ethanediol, AZ: 
azide. 
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Figure 4-9.  Electrophoretic mobility shift assays (EMSAs) to assess kaempferol effect 
on KaeR mutants. A) KaeR, B) P100A,C) Q153A D) E127A, E) R148A, F) 
V205A, and G) I229A.Kaempferol was dissolved in DMSO. Fkae2 probe was 
used. kae- kaempferol.
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Figure 4-9.  Continued 
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Figure 4-9.  Continued 
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Figure 4-10.  Size exclusion chromotography to assess kaempferol effect on KaeR 
mutants. Elution profiles for A) KaeR, B) P100A,C) Q153A D) E127A, E) 
R148A, F) V205A, and G) I229A with (red)  and without Kaempferol 
(blue).kae- kaempferol.Kaempferol was dissolved in DMSO.
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Figure 4-10.  Continued 
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Figure 4-11.  CynR dimerization domain within the CynR tetramer. The KaeR effector 

binding domain (Cyan) was aligned with the CynR effector binding domain 
(Blue). The CynR residue E126 (blue) is aligned with KaeR E127 (cyan). 
The aligned residues are indicated to the right in inset. In CynR, the E126 
residues from two monomers (green and blue) might interact with ethanediol 
bringing the two monomers together. EDO-Ethanediol, RDI-Regulatory 
domain I, RDII-Regulatory domain II. 
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CHAPTER 5 
SUMMARY AND CONCLUSIONS 

Summary of Findings 

Flavonoids are synthesized in plants and are shown to protect plants from adverse 

environmental conditions. Since L. brevis is found in a flavonoid rich environment, it was 

hypothesized that L. brevis may have the potential to respond to the flavonoids. The 

overall objective of this study was to characterize a transcription factor that responds to 

the flavonoids in L. brevis. 

To identify transcription factors that may interact with flavonoids, an in vitro 

fluorescence based ligand screening assay was used. Only the protein LVIS1989 

(KaeR), a LTTR, could interact with the flavonoids, myricetin, hesperetin and 

kaempferol. Bioinformatics studies suggested that the divergently encoded genes 

LVIS1986, LVIS1987, LVIS1988 may be under the control of kaeR transcription 

regulation. The expression of LVIS1986, LVIS1987, LVIS1988 genes in the presence of 

kaempferol was tested, and it was found that the genes are upregulated as a single 

transcriptional unit. The binding region of KaeR was located in the intergenic region 

between the LVIS1988 and LVIS1989 (kaeR) genes. EMSA experiments using different 

concentrations of KaeR suggested that KaeR tetramerized cooperatively on DNA. 

Further, DNase I footprint studies identified two distinctive KaeR interaction sites, one in 

the intergenic region between LVIS1988 and LVIS1989 (-39 to +2) and another within 

LVIS1988 (-314 to –353, from kaeR translational start point). Further experiments using 

EMSA showed that both binding sites are required for KaeR binding. The effect of 

flavonoids was tested on the KaeR: PkaeR complex. It was found that kaempferol 

stabilized the KaeR: PkaeR complex. 
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The effect of kaempferol on the oligomeric state of KaeR was tested by size 

exclusion chromatography. KaeR eluted as a monomer (observed MW = 40 kDa) while 

the addition of kaempferol promoted oligomerization and the formation of a tetramer. 

The regulatory implications of the KaeR binding sites were assessed in vivo using B. 

subtilis as a surrogate system. The intergenic region of LVIS1988 and kaeR were 

transcriptionally fused to lacZ. The in vivo studies suggested that KaeR acts as an 

activator for LVIS1988, while kaeR is positively autoregulated. These results indicate 

that KaeR belongs to a small and poorly understood family of LTTRs that are positively 

autoregulated in the presence of a ligand. 

Bioinformatic analysis was carried out to identify putative amino acids involved in 

ligand interaction. A structural model of KaeR was constructed and compared to 

another LTTR structure crystallized with small signal molecules. The analysis suggested 

that P100A, E127A, R148A, Q153A, V205A, I229A residues located in the hinge 3 

region may be involved in kaempferol binding. Site-directed mutagenesis followed by 

size-exclusion chromatography experiments showed that all mutations modified the 

oligomeric state of the protein. EMSA experiments showed that mutations P100A, 

E127A, Q153A and I229A modified the ability to form complex 2 and to interact with 

kaempferol. Interestingly, although KaeR V205A was not able to form a stable complex 

2, it was still able to interact with kaempferol in EMSA assays. These results indicate 

that the hinge 3 region in the protein is important in the formation dimers and tetramers 

as well as in the binding of the ligand. 

In summary, I identified a new member of the LTTR family that is positively 

modulated by flavonoids. The results described are significant since those represent an 
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important step in the identification of food components that may modulate probiotic 

properties in Lactobacillus species. 

Future Direction 

Current efforts are directed to determine the molecular mechanism of KaeR 

positive autoregulation by flavonoids in L. brevis. To this end, the important nucleotides 

involved in KaeR: DNA binding are being analyzed by performing site directed 

mutagenesis in the promoter region of LVIS1988 and kaeR. The result will allow in the 

identification of specific nucleotides involved in binding and those important for 

activation by kaempferol.The effect of KaeR protein mutations (P100A, E127A, R148A, 

Q153A, V205A, and I229A) on the regulation of both kaeR and LVIS1988 will be 

analyzed by lacZ transcriptional fusion studies. It is expected that the results will 

uncover the mechanism of signal transduction upon binding of a ligand in LTTR family. 
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APPENDIX 
OPTIMIZATION OF KAER BINDING CONDITIONS 

 

 

 
 
Figure A-1.  Optimization of the KaeR binding conditions. Binding of KaeR to Fkae2 was 

optimized by (A) adding 0.5 mM CaCl2 and 2.5 mM MgCl2 or (B) modifying 
the pH of the reaction mix as indicated on top of each panel. 
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