
Volume 7, No 1/2020                                                                                                                                                                                        ISSN 2313-0008 (Print); ISSN 2313-0016 (Online)                                                                                                                                                                                                                              

Copyright © CC-BY-NC, i-Proclaim | MJMBR                                                                                                                                                                               Page 23 

 

 

Research Article 
Malays. j. med. biol. res. 

 
 

 

Homology Modelling and in Silico Substrate Binding 

Analysis of a Rhizobium sp. RC1 Haloalkanoic Acid 

Permease 

Muhammed Adamu Musa1, Fahrul Zaman Huyop2* 
 

1Department of Biotechnology and Medical Engineering, Faculty of Biosciences and Medical Engineering, Universiti Teknologi Malaysia, 81310 

Johor, MALAYSIA 
2Professor, Department of Biotechnology and Medical Engineering, Faculty of Biosciences and Medical Engineering, Universiti Teknologi 

Malaysia, 81310 Johor, MALAYSIA 

 
*Email for Correspondence: fahrul@utm.my 
 

 

 

ABSTRACT 

Rhizobium sp. RC1 grows on haloalkanoic acid (haloacid) pollutants and expresses a haloacid permease 
(DehrP) which mediates the uptake of haloacids into the cells. For the first time, we report the homology 
model and docking analysis of DehrP and proposed its putative binding residues. The Protein Data Bank 
for protein of similar sequence. Ligand structures were retrieved from the ChemSpider database. The 3-
dimensional (3-D) structure of DehrP was modelled based on the structure of Staphylococcus epidermidis 
glucose: H+ symporter (GlcPse) by Phyre2, refined by 3Drefine and evaluated by ProSA z-score, ERRAT 
and RAMPAGE. Docking of monobromoacetate, monochloroacetate, dibromoacetate, dichloroacetate, 
trichloroacetate, and 2,2-dichloropropionate ligands was done with AutoDock vina1.1.2. The 3-D structure 
of DehrP protein has twelve transmembrane helices. The overall quality factor of the model is ∼91%, with 
93.6% of the residues in the favored region and the z-score is within the ≤ 10 limit. The putative H+ binding 
site residues are Gln133, Asp36, and Arg130. Docking analysis showed that Glu33, Trp34, Phe37, Phe38, 
Gln165, and Glu370 are potential haloacid interacting residues. DehrP-haloacid complexes had a binding 
affinity between -2.9 to -4.0 kcal/mol. DehrP has both putative H+ and haloacid binding sites that are most 
likely involved in the co-transport of H+ and haloacids. DehrP interacts with haloacids majorly through 
van der Waals and halogen bond interactions and has greater affinity for 2,2-dichloropropionate and could 
be a specialized chloropropionate uptake system. Site-directed mutagenasis of DehrP binding residues 
could improve its haloacid binding affinity. 
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INTRODUCTION 

Microbial metabolism of haloalkanoic acid (haloacid) pollutants depends on haloacid transport (Su et al., 2012, Su et 
al., 2013) and dehalogenation (Slater, 1979, Allison N., 1983, Tsang et al., 1988, Stringfellow et al., 1997). Some haloacids 
are difficult to be degraded by microorganisms (Effendi et al., 2000, Berthiaume et al., 2014) because they do not support 
cell growth (van der Ploeg and Janssen, 1995). Cases of haloacid selectivity by cells (Berry et al., 1979, Janssen et al., 
1985, Chaudhry and Chapalamadugu, 1991) and haloacid cytotoxicity (Strotmann et al., 1990, Plewa et al., 2010) have 
been reported. Dehalogenase-associated inducible haloacid transport proteins are involved in the uptake of haloacids 
into the cytoplasm of bacteria (Higgins et al., 2005, Yu et al., 2007, Jing et al., 2010). Kinetics studies have shown that 
Burkholderia caribensis MBA4 haloacid transporter (Dehp2) has preference for chloropropionate over 
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monochloroacetate (Su and Tsang, 2013). Therefore, it is important to understand the structure and mechanism of 
haloacid transport proteins for efficient haloacid degradation. At present, the three-dimensional (3-D) structure of 
haloacid transport proteins and their mechanism of action is unknown. 

Rhizobium sp. RC1, can use haloacids as carbon and energy source by producing three distinct dehalogenases (D-2-
haloacid dehalogenase; DehD, L-2-haloacid dehalogenase; DehL and dual isomeric haloacid dehalogenase; DehE) to 
cleave the carbon-halogen (C…X) bonds (Leigh et al., 1986, Leigh et al., 1988, Huyop, 2003). Rhizobium sp. RC1 haloacid 
permease gene dehrP is found 511 bases upstream of the  D-2-haloacid dehalogenase gene dehD, and encodes the 
haloacid transport protein (DehrP) (Jing et al., 2010). DehrP has the Major Facilitator Superfamily (MFS) transport 
protein conserved domain with a sugar signature (Jing et al., 2010) and is closely related to the Metabolite: H+ 
Symporter family of haloacid transporters  (Musa, 2017) (Deh4p and Dehp2) from Burkholderia caribensis MBA4, a 
subfamily of the MFS (Tse et al., 2009, Saier et al., 2016).  

Proteins from the six subfamilies of the MFS show low sequence similarities with unique substrate specificities, and 
distinct transport coupling mechanisms, but they all have a common structural organisation, known as the MFS fold 
(Abramson et al., 2004). Therefore, these transporters conform to the same three-dimensional (3-D) structural 
arrangement with twelve (12) transmembrane helices (TMs) that are arranged into two folded domains (N and C), 
each domain having six TMs (Abramson et al., 2003, Huang et al., 2003, Yin et al., 2006, Dang et al., 2010, Newstead et 

al., 2011, Solcan et al., 2012, Sun et al., 2012, Yan, 2013).  

In this study, for the first time, we report the homology modelling and haloacid binding analysis of Rhizobium sp. RC1 
haloacid permease (DehrP). The three-dimensional (3-D) structure of DehrP was modelled based on the crystal 
structure of Staphylococcus epidermidis glucose: H+ symporter (GlcPse) (Iancu et al., 2013). We conducted a comparative 
binding analysis of the putative haloacid binding site of DehrP with six haloacid ligands (monobromoacetate; MBA, 
monochloroacetate; MCA, dibromoacetate; DBA, dichloroacetate; DCA, trichloroacetate; TCA, and 2,2-
dichroropropionate; 2,2-DCP) to identify the putative residues that could be involved in haloacid transport. 

MATERIALS AND METHODS 

Sequence Retrieval and Alignment 

Rhizobium sp. RC1 haloacid permease (DehrP) (Jing et al., 2010) amino acid sequence was downloaded from the 
UniProtKB Database (Consortium, 2015) under the accession number Q1M2W6.  NCBI-Blastp (Altschup et al., 1990), 
PSI-Blast (Schaffer et al., 2001) and UniProt-Blastp (Consortium, 2015) were used to analyze the amino acid sequence 
of DehrP. DehrP sequence was aligned with Staphylococcus epidermidis glucose: H+ symporter (GlcPse, Uniprot number: 
Q5HKL0) (Iancu et al., 2013) using Clustal omega (Sievers et al., 2011).  

Homology Modelling and Model Evaluation 

The three-dimensional structure of DehrP was modelled based on the crystal structure of Staphylococcus epidermidis 
glucose: H+ symporter (GlcPse, PDB accession number: 4LDS B) by Phyre2 (Kelley et al., 2015) server, refined by 3Drefine 
(Bhattacharya et al., 2016) and evaluated using ProSA-web (Wiederstein and Sippl, 2007), ERRAT (Colovos and Yeates, 
1993), and RAMPAGE (Lovell et al., 2003). DehrP 3-D structure was then superimposed with GlcPse (template) 3-D 
structure by the Chimera 1.11.2rc (Pettersen et al., 2004) software. Based on the longer length of GlcPse structure (425 
residues) the stretch of residues from the C-terminal of Agrobacterim sp. NHG3 (with 98% sequence identity, see 
supplementary Figure 1) without corresponding residues in DehrP was added to DehrP C-terminal before modelling. 

MOLECULAR DOCKING 

Ligand and Receptor Preparation 

The 3-D structures of D-glucose (DGlc), monobromoacetate (MBA), monochloroacetate (MCA), dichloroacetate 
(DCA), dibromoacetate (DBA), trichloroacetate (TCA), and 2,2-dichroropropionate (2,2-DCP) were downloaded from 
ChemSpider (Pence and Williams, 2010) ligand database under the following ChemSpider ID; 96749, 5991, 452706, 
24195, 5602522, 106518, and 2815701, respectively. The ligand was used as input files for AutoDock Tools 1.5.6 (Morris 
et al., 2009). The ligand rigid roots were automatically set and all possible rotatable bonds and torsions were defined 
as active. The modelled DehrP 3-D structure (receptor) was used for docking simulation. The protein consists of one 
single chain B (419 residues). DehrP in pdb format was inputted into AutoDock Tools 1.5.6 (Morris et al., 2009), after 
which polar hydrogen atoms were added and Kollman charges, atomic solvation parameters and fragmental volumes 
were assigned to the protein. The Chain B (425 residues) of the 3-D structure of Staphylococcus epidermidis glucose 
transporter (GlcPse; PDB: 4LDS) downloaded from the Protein Data Bank was equally prepared for docking the 
docking procedure as a control. 
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DehrP       MTTTLVARTSSAGRMTREERKVIFASSLGTVFEWYDFFLYGSLAAIIGATFFKDFPPATQ 60 

DehrP*      MTTTLVARTSSAGRMTREERKVIFASSLGTVFEWYDFFLYGSLAAIIGATFFKDFPPATQ 60 

            ************************************************************ 

 

DehrP       AIFALLAFAAGSLVRTFGALIFGRLGDMIGRKYTFLVTILIMGLSTFVVGLLPGSDTIGL 120 

DehrP*      AIFALLAFAAGSLVRTFGALIFGRLGDMIGRKYTFLVTILIMGLSTFVVGLLPGSDTIGL 120 

            ************************************************************ 

 

DehrP       AAPTILILLRLLQGLALGGEYGGAAVYEAEHAPPGRRGFYTSWIQTTATGGLFLSLLVIL 180 

DehrP*      AAPTILILLRLLQGLALGGEYGGAAVYEAEHAPPGRRGFYTSWIQTTATGGLFLSLLVIL 180 

            ************************************************************ 

 

DehrP       GTRSLLGEESFTSWGWRVPFLLSVVLLGISVWIRMQLNESPVFQRMKAEGKASKAPLREA 240 

DehrP*      GTRSLLGEESFTSWGWRVPFLLSVVLLGISVWIRMQLNESPVFQRMKAEGKASKAPLREA 240 

            ************************************************************ 

 

DehrP       FAHWPNARLALVALFGMVAGQAVVWYTGQFYVLFFLQSILKVDGFTTTLLICWSLLLGSG 300 

DehrP*      FAHWPNARLALVALFGMVAGQAVVWYTGQFYVLFFLQSILKVDGFTTTLLICWSLLLGSG 300 

            ************************************************************ 

 

DehrP       FFVFFGWLSDRIGRKPIMIAGCLLAVVTYFPIFEAITERANPTLAKAISEVKVTRGLPTR 360 

DehrP*      FFVFFGWLSDRIGRKPIMIAGCLLAVVTYFPIFEAITERANPTLAKAISEVKVTRGLPTR 360 

            ************************************************************ 

 

DehrP       SNAGIYSIRSEPACSHRLVTLPEPILLRVRCDMIVRQVLQESQLACSSMAPR-------- 412 

DehrP*      SNAGIYS-------------IPEPILLRVRCDMIVRQVLQESQLACSSMAPRVLVNGTEV 407 

            *******             :*******************************         

 

DehrP       ------------------------------------------------------------ 412 

DehrP*      KFDTAQLKESQTRVTAALQAAGYPKPGQSAAVHMTHAFDFGKPQVLPLIGLLFILAIYVT 467 

                                                                         

DehrP       ------------------------------------------------------------ 412 

DehrP*      MVYGPMAAALVELFPARIRYSGLSLPYHIGNGWFGGLLPAAAFAMVAQTGDIYFGLWYPI 527 

                                                                         

DehrP       -------------------------- 412 

DehrP*      VIAAVTVVVGLIWLPETKDRDIHALD 553 

Supplementary Figure 1: Pairwise sequence alignment of Rhizobium sp. RC1 haloacid transport (DehrP, Uniprot 
accession number: Q1M2W6,(Jing et al., 2010) with the new sequence (DehrP*). The deleted 13 amino acids 
(highlighted in red) and the additional 154 amino acids (highlighted in cyan) is from the C-terminal of a 98% identical 
Agrobacterium sp. NHG3 haloacid transporter (DehP, Uniprot accession number: Q8KLT0, (Higgins et al., 2005) after 
DehrP sequence was aligned with DehP sequence. The asterisks (*) indicates conserved residues as generated by 
Clustal Omega (Sievers et al., 2011) sequence alignment server. 

Docking Procedure 

AutoDock vina 1.1.2 (Trott and Olson, 2010) was used for docking simulation which employs the preparation of 
receptor by adding hydrogens and assigning Kollman charges, followed by conversion of PDB file to pdbqt. Ligands 
were assigned with Gasteiger charges and non-polar hydrogens. Docking simulations were run using Lamarckian 
Genetic Algorithm (LGA) which is known to be the most efficient and reliable method of AutoDock. The ligand 
centered maps were generated by AutoGrid program with a spacing of 0.200 Å and dimensions of 100 x 100 x 100 
points. The grid box center was set to coordinate 3.01841, 48.2993, and 67.4807 in x, y, and z respectively. The default 
settings were used for all other parameters. For each docking simulation, nine (9) different conformers were generated. 
Chimera 1.11.2 (Pettersen et al., 2004) software was then used to visualize the obtained docking conformations. The 
AutoDock vina 1.1.2 (Trott and Olson, 2010) binding free energies (ΔGb in kcal/mol) for the seven (7) ligand-receptor 
complexes for DehrP and GlcPse were then compared. The results were visualized in UCSF Chimera v.1.11.2rc 
(Pettersen et al., 2004) and Discovery studio v.16.1.0 (BIOVIA, 2016). 

RESULTS AND DISCUSSION 

Sequence Alignment 

Comparative analysis of protein sequences by sequence alignment provides useful information during structural and 
functional analysis by revealing sequence-structure-function relationships (Liò and Bishop, 2008, Shenoy and Jayaram, 
2010). PSI-Blast of Rhizobium sp. RC1 haloacid permease sequence in the NCBI database shows that DehrP has 30% 
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sequence identity with Staphylococcus epidermidis glucose: H+ symporter (GlcPse, NCBI accession number: 
WP_002486092.1). An alignment of the two sequences shows the DehrP and GlcPse share some common amino acids 
at specific locations (Figure 1), including some glucose and H+ binding site residues. 

 

Figure 1: Alignment of DehrP sequence with glucose symporter (GlcPse) template. Asterisks (*) indicate highly 
conserved amino acid residues, double dots (:) and single dot (.) indicates moderate and low conservation respectively. 
The conserved glucose binding residue (Gln137) and H+ binding residues (Asp22 and Arg102) are highlighted in yellow 
colour and the Uniprot accession number for the transporters are in bracket. The alignment was generated by Clustal 
Omega (Sievers et al., 2011). 

Homology Modelling  

As suggested by Abramson et al. (2004), transporter proteins that belong to the major facilitator Superfamily (MFS) 
may agree to the same three-dimensional (3-D) structure. Since DehrP is a member of the MFS (Jing et al., 2010, Saier 
et al., 2016), it is expected to have a similar structure to the experimentally determined 3-D structures of microbial MFS 
transporters. DehrP sequence was threaded onto the crystal structure (at 3.2-Å resolution) of GlcPse (PDB accession 
number: 4LDS) by Phyre2 software.  

The homology model (Figure 2) of DehrP has twelve (12) transmembrane helices (12TMs) that are interlinked by six 
periplasmic loops on the extracellular face and five intracellular loops on the cytoplasmic face of the membrane. 
Although the large periplasmic loop between TMs 9 and 10 proposed by Tse et al. (2009), was not modelled by the 
Phyre2 (Kelley et al., 2015) server, obviously because the template does not have such a loop, the model has the 12 TMs 
typical of a Major Facilitator Superfamily (MFS) transporter. Therefore, removal of the large loop could allow for the 
modelling of more haloacid transporters transmembrane helices based on the existing experimentally determine 3-D 
structures of MFS transports in the Protein Data Bank. The relatively large cytoplasmic α-helical loop connecting TM6 
and TM7 (Figure 3) serves as a linker between the two domains (N and C) of the 3-D structure of DehrP and is within 
the 30-100 residues that connect the two domains of MFS transporters (Abramson et al., 2003, Huang et al., 2003, Yin et 
al., 2006, Dang et al., 2010, Newstead et al., 2011, Solcan et al., 2012, Sun et al., 2012, Iancu et al., 2013). Like all the known 
3-D structures of MFS transporters, the intracellular loops between TMs 2 and 3, and 8 and 9 of DehrP appears to be 
short. The short loops in MFS are presumed to provide restraint to the loops in the cytoplasmic face of the MFS proteins 
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(Yan, 2013). The two DehrP domains (N and C) are superimposable (Figure 4) with the inward facing structure of 
GlcPse (template) and the common binding site residues in the cavity of the domains are well aligned.  

 
Figure 2: Homology model of DehrP. There are 12 transmembrane α-helices and the rainbow-coloured spectrum was 
used for the distinct N (blue) and C (brown) domains starting from the left in structures. The structure was prepared 
using UCSF Chimera 1.11.2rc (Pettersen et al., 2004) structural visualization software. 

 

Figure 3: Overview of DehrP structural arrangement. (A) Side-view representation of the 12 TMs as two-fold 
pseudosymmetrical domains connected by a relatively large cytoplasmic α-helical loop between TM6 and TM7. (B) 
Periplasmic-view showing the cavity that leads into the periplasmic space with TM7 at the middle while TMs 3, 6, 9, 
and 12 farther away from the cavity. (C) Cytoplasmic-face showing the cavity that leads into the cytoplasm with TM7 
at the middle while TMs 3, 6, 9, and 12 farther away from the cavity. 
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Figure 4: Structural alignment of DehrP. (A) Superposition of DehrP (blue) and  GlcPse (yellow) in a cartoon 
representation. (B) Gln165 of DehrP is superposed on the glucose binding site residue (Gln137) of GlcPse. (C) Gln133, Asp36, 
and Arg130 of DehrP superposition on the proposed H+ binding site residues (Ile105, Asp22, and Arg102) of GlcPse. The 
grey box shows the domain region including the catalytic region. Structural alignment and visualization of binding 
residues was done using UCSF Chimera 1.11.2rc (Pettersen et al., 2004) software. 

 

Supplementary Figure 2: The overall model quality (OMQ) of DehrP. The model z-score (highlighted as large dot) 
is -2.86 according to the ProSA-web (Wiederstein and Sippl, 2007), and it is within the z-score ≤ 10 limit for residues 
below 1000 (Wiederstein and Sippl, 2007).  This shows the ProSA-web z-scores of all protein chains in PDB 
determined by X-ray crystallography (light blue) or NMR spectroscopy (dark blue) with respect to their length with 
domain chains less than 1000 residues. 
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Validity of the 3-D Model 

The quality and reliability of the DehrP structure was assessed using z-score ProSA-web (Wiederstein and Sippl, 
2007), RAMPAGE (Lovell et al., 2003) Ramachandran plot and ERRAT (Colovos and Yeates, 1993). The z-score of the 
overall DehrP structure (Supplementary Figure 2) shows that it is within the range of the usual scores (z-score ≤ 10) 
for native proteins of similar size (Wiederstein and Sippl, 2007). Further, the stereochemical quality (phi; Ф) and psi; 
Ѱ angles) of the model by Ramachandran plot reveals that most of the residues (93.6%) are in favoured region 
(Supplementary Figure 3) while 3.9% and 2.4% allowed and outlier regions respectively. To check the reliability of 
the model, a statistical analysis of the nonbonded interactions between different atom types was done by ERRAT 
(Colovos and Yeates, 1993). The ERRAT plot (Supplementary Figure 4) shows that the overall quality factor (OQF) 
of the model is ∼91%. The average OQF of low resolutions (2.5 to 3 Å) structures is put at 91% (Colovos and Yeates, 
1993), and therefore the 3-D structure is a reliable model. 

 

Supplementary Figure 3: Ramachandran plot showing residues in the most favourable region and disallowed 
regions by RAMPAGE (Lovell et al., 2003). The number of residues in the favoured, allowed, and outlier regions is 
383 (93.6%), 16 (3.9%), and 10 (2.4%) residues, respectively. 

 

Supplementary Figure 4: The graphic of ERRAT (Colovos and Yeates, 1993) program for DehrP after refinement by 
3Drefine (Bhattacharya et al., 2016) server. The overall quality factor (OQF) of the model is ∼91%. ∗On the error axis, 
two lines are drawn to indicate the confidence with which it is possible to reject regions that exceed that error value. 
∗∗Expressed as the percentage of the protein for which the calculated error value falls below the 95% rejection limit. 
Low resolutions (2.5 to 3 Å) the average OQF is around 91% (Colovos and Yeates, 1993). 
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PUTATIVE BINDING RESIDUES AND DOCKING ANALYSIS 

Transporters are membrane proteins that mediate the uptake of substrates into and out of the cells. The transport process 
is possible because of the presence of key residues that coordinate the passage of substrates across the membrane 
(Hashiramoto, 1992, Mueckler and Makepeace, 2009). Based on sequence similarity, some of these essential residues have 
been shown to be conserved among the characterized major facilitator superfamily (MFS) transporters (Sanderson et al., 
1998, Dang et al., 2010). Superposition of the 3-D structure of DehrP on the 3-D structure of GlcPse reveal the presence of 
common binding site residues (Figure 4). Asp36, Arg130 and Gln133 in DehrP overlapped, respectively, with the H+-binding 
site residues; Ile105, Asp22, and Arg102 in GlcPse, while Gln165 overlapped the glucose-binding site residue; Gln137. Studies 
has shown that these residues play important roles in the transport of H+ into the cells (Dang et al., 2010, Iancu et al., 2013).  
Burkholderia caribensis MBA4 haloacid transporters (Deh4p and Dehp2) have been reported to be dependent on pH and 
transmembrane electrochemical gradient for transport activities (Su et al., 2012). Further, previous comparative analysis 
show that DehrP is a member of the Metabolite: H+ symporter (MHS) based on its sequence similarity with known 
members of MHS (Musa, 2017). Perhaps, these amino acids residues serve as H+-binding site during haloacid transport 
into the cell since Asp36, Arg130, and Gln133 are part DehrP sequence motifs (Musa, 2017). On the other hand, biochemical 
studies have shown that Glutamine is important for transport activity and exofacial ligand binding (Mueckler et al., 1994). 
Therefore, the Gln165 of DehrP may be important in haloacid binding as well. 

Docking analysis of the 3-D structure of DehrP with DGlc, MBA, MCA, DBA, DCA, TCA, and 2,2-DCP shows that in 
addition to the Gln165 there are at least four other residues that might be involved in haloacid binding. This was revealed by 
the docking simulation performed by AutoDock vina 1.1.2 (Trott and Olson, 2010). AutoDock vina 1.1.2 uses the Lamarckian 
Genetic algorithm (LGA), which is known to be the most efficient and reliable method for docking (Morris et al., 1998). From 
the docking simulation, the best conformation complexes were selected from 9 docking poses for each of the ligand. Visual 
screening of the docking poses shows that Glu33, Trp34, Phe37, Phe38, Gln165, and Glu370 are potential binding site residues in 
DehrP cavity (Figure 5) and these residues correspond respectively to Thr19, Gly20, Asn23, Gly24, Gln137, and Asn256 in GlcPse. 
Both Gln137 and Asn256 are among the five glucose binding site residues in GlcPse (Figure 6) (Iancu et al., 2013). Glu33, Trp34, 
Phe37 and Phe38 are found on TM1. Gln165 and Glu370 are located on TMs 5 and 7, respectively. Residues on TMs 1, 4, 5, 7, and 
10 have been reported to contribute to substrate binding in Major Facilitator Superfamily (MFS) transporters (Abramson et 
al., 2003, Huang et al., 2003, Yin et al., 2006, Dang et al., 2010, Newstead et al., 2011, Solcan et al., 2012, Sun et al., 2012, Iancu et 
al., 2013). Glu33, Trp34, Phe37, Phe38 and Gln165 are part of DehrP sequence motifs (Musa, 2017). 

 

Figure 5: Docked conformation of DehrP (model). with DGlc. (A) Putative binding site DehrP binding site in the 
inward-facing conformation (rainbow) complexed with D-glucose (DGlc), monobromoacetate (MBA), 
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monochloroacetate (MCA), dibromoacetate (DBA), dichloroacetate (DCA), trichloroacetate (TCA), and 2, 2-
dichloropropionate (2, 2-DCP) shown as rectangular gray shading. (B) Expanded view of the binding site residues; 
Glu33, Trp34, Phe37, Phe38, Gln165, and Glu370 (stick model) and DGlc (purple), MBA (yellow), MCA (blue), DBA (green), 
DCA (pink), TCA (black), and 2, 2-DCP (red) in the ball and stick representation. The figure was prepared using the 
UCSF Chimera 1.11.2rc (Pettersen et al., 2004) software. 

 

Figure 6: Docked conformation of GlcPse (template). (A) The glucose binding site in the inward-facing conformation 
(rainbow) complexed with D-glucose (DGlc), and monobromoacetate (MBA), monochloroacetate (MCA) shown as 
rectangular gray shading. (B) Expanded view of the binding site residues (Gln137, Gln250, Gln251, Asn256, and Trp367) 
complexed with DGlc (purple), MBA (yellow), and MCA (blue) in the ball and stick representation. Blue lines represent 
hydrogen bonds as computed by the UCSF Chimera 1.11.2rc (Pettersen et al., 2004) software. 

Ligand Affinity (kcal/mol.) Distance from best mode (RMSD) 

 GlcPse DehrP GlcPse 

Lower/ upper bounds 
DehrP 

Lower/ upper bounds 

DGlc -4.6 -4.2 37.064/ 38.093 12.051/13.486 

MBA -2.9 -2.9       53.11/ 53.426 17.618/17.822 

MCA -3.2 -2.9      10.986/11.084 12.488/12.804 

DBA - -3.6     - 17.534/ 18.321 

DCA - -3.5    - 18.615/ 19.141 

TCA - -3.9       - 19.169/ 19.810 

2, 2-DCP -       -4.0      - 19.556/ 20.219 

Supplementary Table 1: The affinities of DehrP and GlcPse complexes generated by AutoDock vina 1.1.2(Trott and 
Olson, 2010). 

The AutoDock vina (Trott and Olson, 2010) binding free energies (see Supplementary Table 1) for the seven DehrP-
ligands complexes formed shows some variations in values. The best docked conformation and affinity of DehrP-DGlc 
complex is comparable with that of GlcPse-DGlc complex. DehrP-MBA and DehrP-MCA complexes had the lowest 
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binding affinity. This could be because the two ligands are less substituted with halogen. GlcPse-MBA and GlcPse-
MCA complexes showed similar affinity. Increase in the number of halogens corresponded with an increase in the 
affinity of DehrP for the ligands. Perhaps, the halogens contributed some weak form of interaction between the binding 
site residues as illustrated in Figure 7. Halogen bonds (C−X···D−Z) between halogenated ligands and binding site 
residues containing nitrogen and oxygen significantly alters the ligand binding affinity to the target protein receptor 
(Olsen et al., 2004), depending on the lipophilicity substituent constant (π) of the halogen (Bois et al., 1998). The higher 
affinity of DehrP for DBA compared to DCA might be due to the higher lipophilicity substituent constant (π) of 
bromine atom. Docking of DCA, DBA, TCA and 2,2-DCP with GlcPse shows that the ligand could not interact with 
the glucose binding site residues. This is consistent with the fact that GlcPse is not a transporter of haloacids and this 
can be attributed to the difference in the binding site residues in DehrP and GlcPse. The presence of electron-rich 
halogens in haloacids and the halogen bond-acceptor side chains in DehrP (Trp34 Phe37, Phe38, Glu33 and Glu370) may 
have contributed to the greater affinity of DehrP for haloacids. This is consistent with the affinity of halogens for O 
and aromatic rings (Voth Regier and Ho Shing, 2007, Matter et al., 2009, Hardegger et al., 2011). Among all the haloacids 
docked with DehrP, 2,2-DCP had the highest binding affinity, may be because it is the original substrate for Rhizobium 
sp. RC1. Further analysis of DehrP binding site conformations using Discovery Studio v.16.1.0 (BIOVIA, 2016) shows 
that the haloacid ligands interacts with DehrP binding site residues majorly through van der Waals interactions (Figure 
8). In addition to the six putative binding site residues (Glu33, Trp34, Phe37, Phe38, Gln165, and Glu370). Ala165 and Leu373 
appears to be involved in the stabilization of DehrP-haloacid complexes. Leu and Ala residues are reported to have a 
high frequency of  invlovement in halogen bond formation (Sirimulla et al., 2013), and leu is considered to be an 
important halogen interaction initiator (Wilcken et al., 2012). 

 

Figure 7: Illustration of halogen bonds and aromatic interactions in DehrP-haloacid complexes. The ligands and 
binding site residues are shown in the ball and stick presentation. The protein is presented as a cartoon model and 
coloured by atom type with carbon atom in grey, hydrogen in white, oxygen in red, nitrogen in blue, chloride in green 
and bromide in purple. (A) Monobromoacetate (MBA in yellow) ligand forming Br···aromatic ring interaction with 
Trp34. (B) Monochloroacetate (MCA in blue) ligand forming Cl···aromatic ring interaction with Phe38. (C) 
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Dibromoacetate (DBA in green) ligand forming Br···aromatic ring interactions with Trp34 and Phe38. (D) Dichloroacetate 
(DCA in pink) ligand forming Cl···aromatic ring interactions with Trp34 and Phe38. (E) Trichloroacetate (TCA in black) 
ligand forming Cl···aromatic ring interactions with Trp34, Phe37, and Phe38. (F) 2,2-dichloropropionate (2,2-DCP in red) 
ligand forming Cl···aromatic ring interactions with Trp34 and Phe38. The figure was prepared using Chimera 1.11.2rc 
(Pettersen et al., 2004) software. 

 

Figure 8: Overall DehrP interacting residues with haloacid ligands. 2-D Schematics generated by Discovery studio 
v.16.1.0 (BIOVIA, 2016) shows DehrP residues that contacts monobromoacetate (MBA), monochloroacetate (MCA), 
dichloroacetate (DCA) trichloroacetae (TCA) and 2,2-dichloro-propionate (2,2-DCP), respectively. Green dotted lines 
indicate van der Waals interactions, and the pi-anion interaction encountered is coloured orange.  

CONCLUSION 

Rhizobium sp. RC1 haloacid permease (DehrP) has a Major Facilitator Superfamily (MFS) that can be folded into twelve 
transmembrane helices, represented as two-fold pseudosymmetrical domains connected by a relatively large 
cytoplasmic loop between helices transmembrane helices 6 and 7. To model the structure with the large periplasmic 
loop linking transmembrane helices 9 and 10, experimental study is needed. The proposed DehrP haloacid binding 
site residues that might be important in haloacids transport are Glu33, Trp34, Phe37, Phe38, Gln165, and Glu370 and may 
interact with haloacids majorly through Van der Waals and halogen bond interactions. Haloacid transport might be 
coupled with H+ transport via the H+ binding site residues; Asp36, Arg130 and Gln133. Docking analysis around the 
putative haloacid binding residues shows that DehrP has more affinity for 2,2-DCP than it has for MBA, MCA, DBA, 
DCA, and TCA. 
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