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LysR-type transcriptional regulators (LTTRs) contain an N-

terminal DNA binding domain (DBD) and a C-terminal regula-

tory domain (RD). Typically, LTTRs function as homotetramers. 

VV2_1132 was identified in Vibrio vulnificus as an LTTR that is 

a homologue of HypT (also known as YjiE or QseD) in Esche-
richia coli. In this study, we determined the crystal structure of 

full-length VV2_1132 at a resolution of 2.2 Å, thereby reveal-

ing a novel combination of the domains in the tetrameric 

assembly. Only one DBD dimer in the tetramer can bind to 

DNA, because the DNA binding motifs of the other DBD di-

mer are completely buried in the tetrameric assembly. Struc-

tural and functional analyses of VV2_1132 suggest that it 

might not perform the same role as E. coli HypT, indicating 

that further study is required to elucidate the function of this 

gene in V. vulnificus. The unique structure of VV2_1132 ex-

tends our knowledge of LTTR function and mechanisms of 

action. 

 

Keywords: LysR type transcriptional regulator, Vibrio vulnifi-
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INTRODUCTION 
 

LysR-type transcriptional regulators (LTTRs) comprise the  

largest family of transcriptional regulators in prokaryotes and 

play diverse biological roles in virulence, motility, quorum 

sensing, and scavenging of oxidative stressors (Maddocks 

and Oyston, 2008). For instance, OxyR induces the transcrip-

tion of many proteins scavenging the oxidative stresses by 

sensing the low level of H2O2 (Jo et al., 2017; Maddocks and 

Oyston, 2008). LTTRs share a common structural architec-

ture consisting of an N-terminal DNA binding domain (DBD) 

and a C-terminal regulatory domain (RD), which are con-

nected by a long linker helix in the DBD (Maddocks and Oys-

ton, 2008; Muraoka et al., 2003). Crystal structures of LTTRs 

have revealed that the RD adopts two Rossmann fold-like 

subdomains (RD-I and RD-II) to recognize cognate ligands or 

stimuli (Choi et al., 2001; Lochowska et al., 2001; Park et al., 

2017a). The DBD forms a stable dimer that thus has a pair of 

winged helix-turn-helix (wHTH) motifs for palindromic DNA 

binding (Alanazi et al., 2013; Choi et al., 2001; Jo et al., 

2015; Maddocks and Oyston, 2008). The DBD contains a 

long linker helix with a hinge region that connects to the RD 

and consists of a flexible stretch of amino acids, providing 

interdomain flexibility. 

Most LTTRs adopt a homotetrameric assembly in an 

asymmetric two dimer arrangement, since each dimer is 

composed of two subunits in different conformations be-

tween the DBD and the RD (Muraoka et al., 2003). In the  
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tetramer, both DBD dimers are located at the bottom of the 

main body, which consists of two RD dimers facing each 

other. This arrangement of DBD dimers in the tetramer ap-

pears suited for binding to a DNA sequence composed of 

two (pseudo)palindromic sequences (Jo et al., 2015). The 

distance between the two DBD dimers is affected by ligand 

binding to the RDs, which controls DNA binding (Jo et al., 

2015; Maddocks and Oyston, 2008). 

Escherichia coli has many LTTRs in its genome. LTTR QseD 

(also known as YjiE) was initially identified as a regulator of 

quorum sensing and cell motility (Habdas et al., 2010). Dele-

tion of qseD in Escherichia coli K-12 yielded a mutant strain 

with a phenotype of increased motility that is associated 

with quorum sensing (Habdas et al., 2010). Later, QseE was 

also termed HypT (hypochlorite-responsive transcription 

factor) because this gene is a transcriptional regulator in-

volved in hypochlorite resistance in E. coli (Drazic et al., 

2014; Gebendorfer et al., 2012). Oxidation of three methio-

nine residues and one cysteine residue was proposed to be a 

key step for sensing HOCl in E. coli HypT (Drazic et al., 

2013a; Drazic et al., 2013b). However, the molecular mech-

anism of this sensing and the oligomerization state of the 

protein remain to be elucidated. 

Vibrio vulnificus is a highly pathogenic Gram-negative bac-

terium that can cause fatal septicemia, especially in immun-

ocompromised individuals (Jones and Oliver, 2009). The 

VV2_1132 gene (accession number AAO08033.2) was iden-

tified in the V. vulnificus CMCP6 genome (accession number 

GCA_000039765.1) (Kim et al., 2011b) as an orthologue of 

E. coli HypT. Sequence alignment revealed that VV2_1132 

shows 30% and 29% sequence identity to E. coli HypT and 

its homologue in Salmonella enterica serovar Typhimurium 

(accession number WP_000383509), respectively (Jang et 

al., 2017). Here, we determine the crystal structure of the 

full-length VV2_1132 protein, thereby revealing a novel 

configuration in its tetramer formation. We also discuss pos-

sible ligand binding sites and potential mechanisms by which 

this protein is regulated. 

 

MATERIALS AND METHODS 
 

DNA constructs, protein expression, and purification 
The DNA constructs, protein expression, and purification of 

VV2_1132 have been previously described (Jang et al., 

2017). Briefly, the gene for VV2_1132 was cloned into the 

pProEx-HTa vector (Invitrogen, USA), resulting in pProEX-

HTa-VV2_1132. The VV2_1132 protein was overexpressed 

in E. coli BL21 (DE3) cells harboring pProEX-HTa-VV2_1132 

and purified using three different chromatographic columns: 

Ni-NTA affinity, Q anion-exchange, and size exclusion chro-

matography. The final protein was concentrated to 9 mg/mL 

in a buffer containing 20 mM Tris (pH 8.0), 150 mM NaBr, 

and 2 mM β-mercaptoethanol and then stored at -80℃ until 

use. 

For production of SeMet-labeled protein, B834 (DE3) cells 

were transformed with the recombinant pProEx-HTa 

VV2_1132 plasmid. Cells were cultured in M9 medium sup-

plemented with an amino acid mixture containing L-(+)-

selenomethionine, 100 μg/mL ampicillin, and other cofac-

tors (Guerrero et al., 2001). Cells were harvested, disrupted, 

and purified by the same method as for the native 

VV2_1132. The protein was concentrated to 9 mg/mL; 

stored in a buffer containing 20 mM Tris (pH 8.0), 150 mM 

NaCl, and 2 mM β-mercaptoethanol; and frozen at -80℃ 

until use. 

 

Size-exclusion chromatography with multi-angle light 
scattering (SEC-MALS) 
SEC-MALS experiments were performed using a High-

performance liquid chromatography pump (Agilent) con-

nected to a Superdex-200 10/300 GL (GE Healthcare) gel 

filtration column and a Wyatt DAWN HELIOS MALS instru-

ment. The gel filtration column was pre-equilibrated with 20 

mM Tris-HCl (pH 7.5), 150 mM NaCl, 2 mM β-

mercaptoethanol. Bovine serum albumin at 2 mg/mL was 

used as a protein standard. The VV2_1132 protein sample at 

3 mg/mL was injected into the column and eluted at a flow 

rate of 0.2 ml/min. The data were evaluated using the debye 

model for static light scattering data fitting and represented 

using an EASI graph with a RI peak in the ASTRA V software 

(Wyatt). 

 

Crystallization, data collection, and structural 
determination of SeMet-labeled VV2_1132 
Native VV2_1132 protein was crystallized in precipitation 

solution containing 0.1 M imidazole (pH 7.6), 0.9 M ammo-

nium phosphate dibasic, 0.2 M NaBr, and 2 mM TCEP at 

14℃, as reported previously (Jang et al., 2017). SeMet-

labeled VV2_1132 protein was crystallized under a precipita-

tion solution containing 0.1 M imidazole (pH 7.6), 0.9 M 

ammonium phosphate dibasic, 0.2 M NaCl, and 2 mM TCEP. 

To collect the X-ray diffraction dataset, native and SeMet-

labeled crystals were transferred for 1 min to 2 μl of cryopro-

tection buffer containing the precipitation solution supple-

mented with 30% sorbitol, after which the crystals were 

flash-cooled in liquid nitrogen. The diffraction dataset was 

collected using an undulator X-ray beam (beamline 5C in the 

Pohang Accelerator Laboratory, Pohang, Republic of Korea) 

(Park et al., 2017b) at a wavelength of 0.9801 Å. The native 

crystal belonged to the space group of P21212 with unit cell 

parameters a = 57.8, b = 113.5, and c = 220.7 Å. The 

SeMet-labeled crystal belonged to the space group of 

P21212 with unit cell parameters a = 114.3, b = 115.9, and c 

= 221.9 Å. Complete diffraction datasets of the native crys-

tals were subsequently processed, merged, and scaled with 

HKL-2000 to a resolution of 2.2 Å. Datasets of the SeMet-

labeled crystals were diffracted up to a resolution of 2.4 Å 

(Otwinowski and Minor, 1997). Data collection statistics are 

provided in Table 1. Anomalous signals from four Se sites 

were found in each subunit, and the resulting electron den-

sity map was sufficiently clear to build an initial model using 

the programs PHENIX and COOT (Adams et al., 2010; 

Emsley and Cowtan, 2004). To solve the crystal structure of 

the native VV2_1132 protein at 2.2 Å resolution, molecular 

replacement was carried out against the native diffraction 

dataset using the initial model as a search model in the pro-

gram MOLREP in the CCP4 suite (Winn et al., 2011). 
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Table 1. X-ray diffraction and refinement statistics 

 SeMet VV2_1132 Native VV2_1132 

Data collection   

Beam line PAL 5C PAL 5C 

Wavelength (Å) 0.98010 1.00820 

Space group P21212 P21212 

Cell dimensions   

a, b, c (Å) 57.5, 111.1, 219.30 57.8, 113.5, 220.7 

α, β, γ (°) 90, 90, 90 90, 90, 90 

Resolution (Å) 50.0-3.00 (3.05-3.00) 50.0-2.20 (2.24-2.20) 

Rmerge 0.104 (0.346) 0.061 (0.494) 

Rpim 0.033 (0.133) 0.019 (0.214) 

High resolution shell CC1/2 0.740 0.219 

I/σI 16.6 (3.4) 56.4 (4.5) 

Completeness (%) 98.8 (98.0) 93.7(83,8) 

Redundancy 8.3 (5.8) 8.3 (4.6) 

Refinement   

Resolution (Å)  2.20 

No. of reflections  65417 

Rwork/Rfree  0.2017/0.2636 

No. of total atoms  9223 

Wilson B-factor (Å)  2471 

R.M.S. deviations   

Bond lengths (Å)  0.008 

Bond angles (°)  0.955 

Ramachandran plot   

Favored (%)  95.39 

Allowed (%)  4.43 

Outliers (%)  0.18 

PDB ID  5Y9S 

* Values in parentheses are for the highest resolution shell. 

 

 

 

Strains, plasmids, and culture conditions 
The strains and plasmids used in this study are listed in Table 

2. Unless otherwise noted, V. vulnificus strains were grown 

at 30℃ in LB medium supplemented with 2% (wt/vol) NaCl 

(LBS). 

 

Construction of the VV2_1132 mutant strain 
The VV2_1132 gene was inactivated in vitro by deletion of 

the VV2_1132 open reading frame (ORF) using a PCR-

mediated linker-scanning mutation method as described 

previously (Jang et al., 2016). Primers VV21132_F1_F and _R 

(for amplification of the 5′-amplicon) and VV21132_F2_F 

and _R (for amplification of the 3′-amplicon) were used as 

listed in Table 3. The 566-bp deleted VV2_1132 region was 

amplified by PCR using a mixture of both amplicons as the 

template and VV21132_F1_F and VV21132_F2_R as pri-

mers. The resulting ΔVV2_1132 amplicon was ligated with 

SpeⅠ-SphⅠ-digested pDM4 (Milton et al., 1996) to gener-

ate pGR1618 (Table 2). The E. coli S17-1λpir, tra strain 

(Simon et al., 1983), which contains pGR1618, was used as 

a conjugal donor to V. vulnificus CMCP6 (Table 2). Conjuga-

tion and isolation of the transconjugants were conducted as 

described previously (Kim et al., 2011a). The resulting V. 
vulnificus VV2_1132 mutant was named GR1619 (Table 2). 

 

Growth kinetics under HOCl stress 
Wild-type V. vulnificus and the VV2_1132 mutant were 

grown in M9 minimal medium supplemented with 0.4% 

(wt/vol) glucose (Sambrook et al., 2006), after which they 

were exposed to 3.81, 6.67, or 9.53 μM of NaOCl (Sigma-

Aldrich, USA). Cell growth was monitored spectrophotomet-

rically at 600 nm (OD600) with a microplate reader (Tecan 

Infinite M200 reader, Switzerland). 

 

Motility test 
Bacterial motility was tested as described previously (Lim and 

Choi, 2014). Wild-type V. vulnificus and the VV2_1132 mu-

tant were grown to an OD600 of 0.5 and subsequently 

stabbed into LBS semisolid medium solidified with 0.3% 

(wt/vol) agar. The plates were incubated at 30℃ for 18 h, 

after which migration through the agar was photographed 

using a Gel Doc EZ imager (Bio-Rad, USA). 
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Table 2. Plasmids and bacterial strains used in this study 

Strain or plasmid Relevant characteristics
a
 Reference or source 

Bacterial strains  

V. vulnificus  

CMCP6 Clinical isolate; virulent Laboratory collection 

GR1619 CMCP6 with ΔVV2_1132 This study 

E. coli   

S17-1λpir λ-pir lysogen; thi pro hsdR hsdM+ recA RP4-2 Tc::Mu-Km::Tn7;Tp
r
 Sm

r
; 

host for π-requiring plasmids; conjugal donor 

Simon et al., 1983 

BL21(DE3) F–
 ompT hsdS (rB

–
mB

–
) gal (DE3) Laboratory collection 

Plasmids   
pProEx-HTa His6-tag fusion protein expression vector; Ap

r
 Invitrogen 

pDM4 R6K γ ori sacB; suicide vector; oriT of RP4; Cm
r
 Milton et al., 1996 

pGR1618 pDM4 with ΔVV2_1132; Cm
r
 This study 

a
 Tp

r
, trimethoprim resistant; Sm

r
, streptomycin resistant; Cm

r
, chloramphenicol resistant. 

 

 

 

Table 3. Oligonucleotides used in this study 

Name Oligonucleotide Sequence (5′ → 3′)a, b
 Use 

For mutant construction 

VV21132_F1_F GTATTTCCTTGCTCTGCCCATCC Deletion of VV2_1132 ORF

VV21132_F1_R ACTGGATCCGATTGCGTAACAAAG 

VV21132_F2_F ATCGGATCCAGTCTTTGAAACCAC Deletion of VV2_1132 ORF

VV21132_F2_R GGCCTTTTTTATTAAGTAGTTGGTCAGATC 

For expression construction 

VV21132_Ex_F GGTCCATGGCTATGAATAACCCACTAGAATTC Overexpression of VV2_1132

VV21132_Ex_R GGTCTCGAGTTATGACTTGTCGATTTCTTGCC 

a
 Oligonucleotides were designed using the V. vulnificus CMCP6 genomic sequence (GenBank accession number CE016795 and 

CE016796, www.ncbi.nlm.nih.gov). 
b
 Regions of oligonucleotides not complementary to the corresponding gene are underlined. 

 

 

 

RESULTS 
 

Structural determination and overall structure of VV2_1132 
Full-length VV2_1132 protein was successfully produced in 

the E. coli expression system and purified to homogeneity, as 

described previously (Jang et al., 2017). To measure the mo-

lecular size and to gain insight into the molecular shape of 

the protein, we performed the size-exclusion chromatog-

raphy with multi-angle light scattering experiment. (SEC-

MALS). The MALS gives the molecular size of the protein 

regardless of the molecular shapes. However, the molecular 

size measured by SEC is deviated from the actual value when 

the shapes of the proteins is highly elongated. In this study, 

the molecular weights of VV2_1132 in solution were 135 

kDa from MALS and 138 kDa from SEC, both corresponding 

to a homotetramer (Fig. 1A). The small difference between 

the measured molecular sizes from different methods fur-

ther suggest that the tetrameric structure of VV2_1132 is 

not deviated substantially from the general globular shape. 

To investigate further the structural features of VV2_1132 

and to gain insight into the functions of this protein, the 

crystal structure of full-length VV2_1132 was determined 

using Se-anomalous signals from SeMet-substituted crystals. 

The resulting electron density maps allowed an almost com-

plete model to be built, after which the structure was refined 

against the 2.2 Å -resolution dataset of the native protein. 

The asymmetric unit in the crystal contained four molecules 

tightly interacting with each other, indicating a homo-

tetrameric assembly. This finding is consistent with the SEC-

MALS result (Fig. 1). The whole VV2_1132 tetramer adopts 

the shape of a thick rod and has dimensions of approximate-

ly 120 Å × 60 Å × 60 Å (Fig. 1B). 

 

Monomer structure of VV2_1132 
Each protomer of VV2_1132 is composed of a DBD (residue 

1-100) and an RD (residue 101-304). The overall fold is simi-

lar to that of typical LTTRs. The DBD can be divided into 

three distinct parts: a DNA binding region (1-66), a linker 

helix (residues 67-90), and a hinge region (residues 91-100) 

(Fig. 2). The DNA binding region contains a wHTH motif (α2 

and α3) that is reinforced by an additional helix (α1). The RD 

is further divided into two subdomains, RD-I (residues 101-
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Fig. 1. Oligomeric forms of VV2_1132 in solution and in crys-

tals. (A) SEC-MALS profiles of VV2_1132 (red) and BSA (black).

Small squares represent the calculated molar mass (g/mol) in

right ordinate axis (135.3 kDa ± 3.3 for VV2_1132, 66.5 kDa

for BSA). The relative normalized UV absorbance at 280 nm is

drawn with the solid lines in left ordinate axis. Based on the

elution volume from the size exclusion chromatography, the

molecular size of the VV2_1132 protein is 138 kDa. (B) Struc-

ture of the asymmetric unit containing four molecules with

two orthogonal views. The four molecules are presented in

different colors as follows: Protomer A (dark green and

green), protomer B (dark cyan and cyan), protomer C (gold

and yellow), and protomer D (magenta and pink). 

Fig. 2. Protomers in two distinct conformations. (A) Ribbon

representations of the subunits in the inner conformation

(inner subunits, left) and the outer conformation (outer sub-

units, right). In the inner subunits, the DBD and RD domains

are colored dark green and green, respectively. In the outer

subunits, the DBD and RD domains are colored dark cyan and

cyan, respectively. The hinge regions are indicated by a circle

in a broken line. The distances between the Cα atoms of

Phe36, the central residue of the DBD, and Phe206 (the cen-

tral residue of the RD) are indicated. (B) Structural superposi-

tion of four conformations of the LTTR protomers, using the

RDs as reference. The panels display a side view (left) and a

top view (right). The inner and outer subunits of VV2_1132

are colored dark green and cyan, respectively. The extended

and compact subunits of PaOxyR are colored ivory and light

blue, respectively. The RDs are in the Cα representations, and

the DBDs are in the ribbon representation. 
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155, 284-300) and RD-II (residues 156-283), both of which 

adopt a Rossmann-fold topology. The RD-I subdomain is 

composed of three α helices (α5, α6, and α12) and five β 

strands (β1, β2, β3, β4, and β9). The RD-II subdomain is 

composed of five α helices (α7, α8, α9, α10, and α11) and 

six β strands (β4, β5, β6, β7, β8, and β9) (Fig. 2A). 
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Fig. 3. DBD dimers and RD dimers. (A) RD dimer structure. The

major contact site between the RDs in the dimer is indicated

by a circle in broken lines (left). The rectangular region is en-

larged in the left panel (right). Polar interactions and hydro-

gen bonds between β2 and β7 are presented in yellow bro-

ken lines. (B) Two orthogonal views of the DBD dimer struc-

ture. The distance between the two α2 atoms in the DBD

dimer is indicated. Residues involved in dimer interaction are

presented in stick representation. (C) Structural superposition

of the RD dimer of VV2_1132 onto the RD dimer of E. coli

OxyR (EcOxyR, oxidized form PDB code: 1I6A, reduced form

PDB code: 1I69). The oxidized form of EcOxyR is colored

bright blue, the reduced form of EcOxyR is orange, and the

RD of VV2_1132 is green. 

Typical tetrameric LTTRs such as ArgP, AphB, and OxyR 

consist of two compact (or closed) subunits and two ex-

tended (or open) subunits (Jo et al., 2015; Taylor et al., 

2012; Zhou et al., 2010). In the compact subunits, the linker 

helix of the DBD is in close contact with the RD-I region of 

the RD, while the DBD is fully spread from the RD in the 

extended subunit. The VV2_1132 tetramer is composed of 

two conformationally distinct subunits that are distinguished 

from both the compact and extended conformations of 

other LTTRs. We designated the two subunits of VV2_1132 

as the inner subunits and the outer subunits (Fig. 2A). The 

DNA binding motif of the DBD is 36 Å from the center of 

the RD in the inner subunits, while the DNA binding motif is 

more than 48 Å from the RD in the outer subunits (Fig. 2A). 

We compared the inner and outer subunits of VV2_1132 

to the extended and compact subunits of PaOxyR, a repre-

sentative member of the LTTR family (Jo et al., 2015) (Fig. 

2B). Structural superposition using the RDs as references 

revealed that the linker helices of both VV2_1132 subunits 

are approximately perpendicular to the axis that runs along 

RD-I and RD-II, whereas the extended subunit of PaOxyR is 

roughly continuous with the RD axis. In a top view of the RD, 

the compact form of PaOxyR is placed in the middle of the 

inner and outer forms of VV2_1132 (Fig. 2B). 

The RD dimer and the DBD dimer 
Like in other LTTRs, the VV2_1132 tetramer can be divided 

into two RD dimers and two DBD dimers because the RDs 

and DBDs have homophilic interactions, thus forming dimer-

ic units. The overall structures of the VV2_1132 RD dimer 

and the DBD dimer are similar to those of typical LTTRs. At 

the interface of the RD dimers, hydrogen bonds between 

the β2 backbone of RD-I and the β7 backbone of RD-II con-

tribute primarily to the interaction (Fig. 3A). Weak hydro-

phobic interactions between α6 of RD–I and α9 of RD–II are 

also partly involved in the dimeric interface (Fig. 3A). In the 

VV2_1132 DBD dimers, the linker helices in the DBD dimer 

form the main dimeric interfaces via mostly hydrophobic 

interactions (Jo et al., 2015) (Fig. 3B). 

The interdomain orientation of the RD dimer is affected by 

the activation state of the LTTR. To determine which state 

the RD dimer adopts, the VV2_1132 RD dimer was super-

imposed onto an E. coli OxyR RD dimer in the reduced (i.e., 

inactive) state and the oxidized (i.e., active) state. The super-

position showed that the interdomain orientation of the RD 

dimer is between the two states of the E. coli OxyR RD (Fig. 

3C). Thus, further study is required to investigate which state 

this conformation of the RD dimer represents. 
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Fig. 4. Tetrameric arrangement of VV2_1132. (A) Compari-

son of the tetrameric arrangement of a typical LTTR OxyR

(left) with that of VV2_1132 (right). The ribbon represen-

tation and its corresponding schematic drawing are

shown in the same orientation and the same color

scheme in each panel. In the schematic drawings, the

DBDs are presented in cylinders (for the side views), while

the RDs are in rectangles. Extended subunits (E-1 and E-

2), compact subunits (C-1 and C-2), inner form subunits

(I-1 and I-2), and outer form subunits (O-1 and O-2) are

labeled. The blue plates indicate the DNA binding surfac-

es. The lens symbol in the left panel indicates that the

two-fold axis is perpendicular to the plane, and the arrow

symbol in the right panel indicates that the two-fold axis is

parallel to a vertical line. (B) RD-type dimers of VV2_1132,

consisting of an inner subunit and an outer subunit. The

two subunits were extracted from the tetramer based on

the dimeric interface in the RDs. The DBD and RD in the

inner form subunit (I-DBD and I-RD) are colored dark

green and green, respectively. The DBD and RD in the

outer subunits (O-DBD and O-RD) are colored dark cyan

and cyan, respectively. (C) DBD-type dimer consisting of

two inner subunits. The inner form subunit is colored dark

green or green, whereas the other inner form subunits are

colored magenta (I-DBD) or pink (I-RD). The DNA binding

motif is denoted by a rectangle. (D) DBD-type dimer con-

sisting of two outer subunits. The second outer subunit is

colored dark yellow or yellow (O-DBD or O-RD). The DNA

binding motifs are denoted by a rectangle. 

Unique tetrameric structure 
In a typical LTTR tetramer, the RD of a compact subunit and 

the RD of an extended subunit form an RD dimer, as repre-

sented by the PaOxyR structure. Likewise, the DBD dimer of 

typical LTTRs is formed by two subunits adopting different 

conformations (Fig. 4A). Thus, the tetrameric structure of 

VV2_1132 is unique out of all other LTTRs whose structures 

are available. The VV2_1132 DBD dimers are from subunits 

with the same conformation, unlike the two RD dimers that 

are from subunits with different conformations. As a result, 

the 2-fold axes of the tetramers of VV2_1132 and the typical 

LTTRs are perpendicular to each other, as depicted in Fig. 4A. 

The most striking feature is that one of the DBD dimers in 

the tetramer units is very unlikely to make direct contact with 

DNA because its DNA binding motifs are hidden within the 

tetramer, whereas the other DBD dimer has surface-exposed 

DNA binding motifs. In contrast, both DBD dimers of all oth-

er LTTRs can participate in DNA binding. The two DBD di-

mers of PaOxyR have essentially the same conformation, and 

the DNA binding motifs of PaOxyR are exposed in the 

roughly same direction (Fig. 4A, left panel). However, the 

two DBD dimers of VV2_1132 are stacked vertically along 

the molecular 2-fold axis and are perpendicular to each oth-

er along the 2-fold axis, without any noticeable association 

between them (Fig. 4A, right panel). 

To analyze the VV2_1132 tetramer further, we first fo-

cused on the two dimers formed by the RD-RD interface, 

referred to as RD-type dimers. The two RD-type dimers are 

equivalent because both are comprised of inner and outer 

subunits (Fig. 4B). The two DBDs in the RD-type dimer are 

biased to the inner subunit side, and the DBD of the outer 

subunit is near the inner subunit RD. No direct contact is 

made between the outer subunit DBD and the inner subunit 

RD (Fig. 4B). Unlike RD-type dimers, the two DBD-type di-

mers (whose dimeric interface is in the DBD) are not equiva-

lent. One of the DBD-type dimers is formed by two inner 

subunits, while the other DBD-type dimer is formed by two 

outer subunits. In the DBD-type dimer formed by two inner 

subunits, the DNA binding motifs are located between the 

two RDs; thus, the DNA binding motifs are buried in the 

tetramer (Fig. 4C). In the other DBD-type dimer, the DNA 

binding motifs are surface-exposed (Fig. 5A). In a DNA dock-

ing model based on the BenM DBD structures in complex 

with DNA (Alanazi et al., 2013), the DNA fragment fit nicely 

into the DNA binding motif of the DBD dimer consisting of 

the outer subunits (Fig. 5B). 
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Fig. 5. DNA binding motifs in the tetramer. (A) VV2_1132

tetramer. The DNA binding motifs are highlighted by the

ribbon representations. The RDs and linker helices in the DBDs

are drawn in the Cα tracing in grey. The DBDs follow the

same color scheme as in Fig. 4. (B) VV2_1132 tetramer con-

taining the modeled DNA. The DNA fragment was extracted

from the bound DNA to the BenM DBD (PDB code: 4IHT)

after superposition onto the VV2_1132 DBD dimers consist-

ing of the outer subunits. Right panel, cross-sectional view

along a line. 

Fig. 6. Putative ligand binding sites. (A) Interaction between

the wing loop of protomer A and the putative ligand-binding

site of protomer D. The putative ligand-binding site is denoted

by a circle and magnified on the right. Residues involved in

the interaction are displayed in the right panel. (B) Structure

alignment of the protomer C I-RD and the protomer D O-RD.

The flexible loop connecting β3 and β4 is highlighted by a

circle in a broken line. (C) Bromine ions located in the putative

ligand binding site. Bromine ions are presented in red sphere.

The putative ligand binding site between the RD-I and RD-II is

highlighted by a circle in a broken line. 
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Putative ligand binding sites 
Like most LTTRs, VV2_1132 has small cavities at the ligand 

binding sites. These cavities are located between the RD-I 

and RD-II subdomains of the RDs. Since the cavities have 

been characterized as ligand binding sites in many LTTRs, it is 

likely that the cavities of VV2_1132 also function as ligand 

binding sites. 

Interestingly, the putative ligand binding sites in the outer 

subunits are screened mutually by the loops in the DBD of an 

inner subunit (Fig. 6). A loop connecting α3 and α4 in the 

DBD of an inner subunit, referred to as a wing in the wHTH 

domain, blocks entry to the ligand binding site of the RD 

from the outer subunit via hydrophobic interactions of the 

Tyr57, Pro58, and Ile59 residues in the DBD and the Pro160, 

Leu162, and Phe206 residues in the RD (Fig. 6A). Superposi-

tion of the inner subunit and the outer subunit of RDs re-

vealed a large movement of the loop of the RD, which inter-

act with the loop of the DBD (Fig. 6B). 

We added bromine ions in the crystallization solution as 

well as the storage buffer. Several bromine ions were found 

in the putative active sites, indicating that the ligand binding 

sites have the chemical environment for the bromine ion (Fig. 

6C). This observation presents a possibility that the 

VV2_1132 can bind negatively charged ions or compounds 
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Fig. 7. Phenotypic study of the VV2_1132 gene using wild type V. vulnificus and a VV2_1132-deleted V. vulnificus strain. (A) Growth ki-

netics of wild-type V. vulnificus (closed symbols) and the VV2_1132 mutant (open symbols) grown in M9 minimal media containing 

various concentrations of NaOCl were compared as indicated. The growth was monitored spectrophotometrically at 600 nm (OD600). 

(B) Motility of the V. vulnificus strains. The diameters of the motility areas are expressed as means of the results from three independent 

experiments. Error bars present standard deviation. Statistical significance was determined by t-test. No significant difference was ob-

served between the two strains. p=0.355. WT; wild type, GR1619; VV2_1132 mutant. 

 

 

 

as ligands. However, the bromine ion is not likely to be spe-

cific to the putative active sites because not all the putative 

ligand binding sites bind the bromine ions. 

 

Functional study of VV2_1132 
To explore the function of VV2_1132, we constructed a 

VV2_1132-deleted V. vulnificus CMCP6 strain (GR1619) and 

compared its resistance to HOCl to that of the wild-type V. 
vulnificus strain. When various concentrations of NaOCl 

were added to the growth medium, no significant difference 

was observed between the mutant and wild type strain (Fig. 

7A). These results indicate that VV2_1132 is not involved in 

the HOCl sensitivity of V. vulnificus. 
Since VV2_1132 is related to E. coli QseD, which plays a 

role in bacterial motility, we next tested the change in cellu-

lar motility on semi solid agar after deletion of the 

VV2_1132 gene. The mutant and wild type strains of V. 
vulnificus were inoculated onto semi solid agar and grown 

for 18 h. There was no significant difference in motility be-

tween the wild type and mutant strains (Fig 7B). Taken to-

gether, our results suggest that VV2_1132 might not be 

related to HOCl sensitivity or motility of V. vulnificus. Howev-

er, we cannot exclude a possibility that VV2_1132 is func-

tionally related to sensing HOCl analogues due to the struc-

tural similarity between OCl
-
 and the bound ion Br

-
. 

 

DISCUSSION 
 

Many LTTR structures have been determined. This study 

presented the crystal structure of VV2_1132 from V. vulnifi-
cus CMCP6 and showed that VV2_1132 adopts a tetrameric 

assembly with a novel subunit configuration. In this configu-

ration, only one DBD dimer in the tetramer is involved in 

DNA binding. Although HypT from E. coli and HypT from S. 
Typhimurium showed the highest sequence similarities to 

VV2_1132, our functional study failed to reveal functional 

relationship to HOCl sensing or motility regulation. However, 

it should be noted that the structural properties of bromine 

ions that were bound to the putative active sites. The bind-

ing of bromine ions suggests that VV2_1132 might be func-

tionally related to sensing HOCl analogues or sensing HOCl 

under special physiological conditions. 

It is obvious that the crystal structure does not contain the 

native ligand and the tetramer of VV2_1132 can bind to a 

DNA sequence with the DBD dimer in the outer subunits. 

We observed occlusion of the putative ligand binding sites 

by the connecting loops in this configuration. This observa-

tion suggests that the ligand binding and the DNA binding 

are coupled. For instance, the ligand binding to the outer 

subunits may cause a large movement of the DBDs, affect-

ing the transcriptional regulation of this protein. 

We next raised the question of how the transcriptional ac-

tivity of the VV2_1132 tetramer could be regulated by bind-

ing of the putative ligand. Since ligand binding would not 

disrupt the internal tetramer symmetry, the motion induced 

by ligand binding should be related to the molecular 2-fold 

rotational axis of the tetramer. Thus, two possible motions 

can be postulated: 1) spinning of the DBD dimers around 

the 2-fold axis; and 2) translation of the DBD dimer along 

the axis. Both of these motions could affect the DNA bind-

ing ability of the tetramer. However, ligand-bound structures 

are required to elucidate the mechanism of regulation. It is 

of interest to determine the function of the buried DNA 

binding motifs in the inner subunits in the ligand-bound 

structures. To connect this novel configuration to the func-

tion of the protein, it is necessary to determine the function 

of the gene, which might be related to the physiology of this 

highly pathogenic bacterium. 

This study provided a complete structure of a new LTTR 

protein, which showed a novel configuration. This infor-

mation enriches the structural diversity of the LTTR family. 

Further studies will focus on revealing the mechanism by 

which the protein acts as a molecular switch in response to 

the appropriate ligand. 
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