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Abstract 

The Rhodococcus erythropolis gene DYC18_RS18060 (1437 

bp) putatively codes for a secondary transporter of the 

Nucleobase Cation Symporter-1 (NCS-1) protein family (478 

amino acids). The DYC18_RS18060 gene was successfully 

cloned from R. erythropolis genomic DNA with the addition of 

EcoRI and PstI restriction sites at the 5′ and 3′ ends, 

respectively, using PCR technology. The amplified gene was 

introduced into IPTG-inducible plasmid pTTQ18, immediately 

upstream of the sequence coding for a His6-tag. The construct 

was transformed into Escherichia coli BL21(DE3). Then, the 

amplified expression of the DYC18_RS18060-His6 protein 

was achieved with detection through SDS-PAGE and western 

blotting. Computational methods predicted that 

DYC18_RS18060 has a molecular weight of 51.1 kDa and 

isoelectric point of 6.58. The protein was predicted to be 

hydrophobic in nature (aliphatic index 113.24, grand average of 

hydropathicity 0.728). It was also predicted to form twelve 

transmembrane spanning α-helices, with both N- and C-

terminal ends at the cytoplasmic side of the membrane. 

Database sequence similarity searches and phylogenetic 

analysis suggested that the substrate of DYC18_RS18060 

could be cytosine; however, this was uncertain based on the 

comparison of residues involved in substrate binding in 

experimentally characterised NCS-1 proteins. The current study 

lays the foundations for further structural and functional 

studies of DYC18_RS18060 and other NCS-1 proteins. 
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Cloning, Amplified Expression and Bioinformatics… 

56 
Department of Life Sciences 

Volume 3  Issue 4, 2021 

1. Introduction 

The Nucleobase Cation Symporter-1 

(NCS-1) family of secondary active 

transport proteins is widespread in bacteria, 

archaea, fungi and plants [1-9]. The 

principal function of NCS-1 proteins is the 

uptake of nucleobases, nucleosides, 

hydantoins and other similar compounds 

from the environment in salvage pathways. 

This requires a symport mechanism driven 

by a gradient of protons or sodium ions [6]. 

NCS-1 proteins typically comprise 419-635 

amino acids and putatively form twelve 

transmembrane spanning α-helices [3, 5]. 

The structural organisation of NCS-1 

proteins was determined by using high-

resolution crystal structures of the sodium-

driven 5-arylhydantoin transporter Mhp1 

from Microbacterium liquefaciens [9-16]. 

Mhp1 is pivotal for explaining the 

alternating access mechanism of membrane 

transport and its ion-coupling [14, 17-21]. 

Moreover, it is used as a model to develop 

free energy calculations for protein 

conformational changes [22]. Whilst Mhp1 

is the only NCS-1 protein with high-

resolution structures, 27 other NCS-1 

proteins (5 bacterial, 16 fungal, 6 plant) 

have been characterised experimentally [6, 

9, 23-27]. NCS-1 proteins characterised 

from bacteria include an allantoin 

transporter from Bacillus subtilis [7] and 

cytosine transporters from both 

Escherichia coli [28] and Vibrio 

parahaemolyticus [27]. There is a 

considerable lack of information available 

about NCS-1 proteins determined by 

experimental studies. So, we have 

undertaken the current study of a bacterial 

NCS-1 protein. 

A crucial step in the structural and 

functional characterisation of a membrane 

protein is overcoming the challenge of 

achieving amplified expression [29]. This 

is necessary to ensure that sufficient 

quantities of the protein can be made 

available for crystallisation trials and for 

applying various chemical, biochemical 

and biophysical techniques. In the current 

work, we cloned the Rhodococcus 

erythropolis gene DYC18_RS18060. It 

putatively codes for an NCS-1 transporter 

and we achieved amplified recombinant 

protein expression in E. coli. We also 

performed a bioinformatics analysis of the 

chemical and physical properties, predicted 

the structural and functional characteristics, 

as well as the evolutionary relationships of 

the DYC18_RS18060 protein. Whilst 

DYC18_RS18060 is not itself a drug target, 

bacterial NCS-1 proteins are close 

homologues of human LeuT-fold solute 

carrier transporters [30-33], which are drug 

targets in the treatment of diseases [34-36]. 

2. Methodology 

2.1. Design of PCR Primers Used for 

Cloning of the DYC18_RS18060 Gene 

The sequence of the R. erythropolis 

DYC18_RS18060 gene (1437 bp) was 

obtained from the National Center for 

Biotechnology Information (NCBI) 

database (https://www.ncbi.nlm.nih.gov/ 

gene/61556622). Restriction sites in the 

desired gene were mapped using Webcutter 

2 (https://users.unimi.it/camelot/tools/cut2. 

html). The mapping was done to check for 

the presence of any internal EcoRI or PstI 

sites that would be cut by the enzymes 

intended to be used for gene cloning with 

plasmid pTTQ18 [37]. PCR primers for 

amplifying the DYC18_RS18060 gene with 

an in-frame EcoRI site (GAATTC) at the 5′ 

end and a PstI site (CTGCAG) at the 3′ end 

were designed through GeneLink 

https://www.ncbi.nlm.nih.gov/%20gene/61556622
https://www.ncbi.nlm.nih.gov/%20gene/61556622
https://users.unimi.it/camelot/tools/cut2.%20html
https://users.unimi.it/camelot/tools/cut2.%20html
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(https://www.genelink.com/). The properties 

and the quality of the designed primers 

were predicted using OligoAnalyzer 3.1 

software. The forward primer 5′-

CCGGAATTCGCATATGACTCACGAT

GG-3′ and the reverse primer 5′-

AAAACTGCAGTCAGACGCGAGAGT

CG-3′ were synthesised commercially 

(Thermo Fisher Scientific). 

2.2. Gene Cloning and Amplification 

from Genomic DNA 

Genomic DNA was extracted from a 

culture of R. erythropolis using a 

GenElute bacterial DNA kit (Sigma), 

according to the manufacturer’s 

instructions. The amplification of the 

desired DYC18_ RS18060 gene was 

carried out via PCR, using the primers 

described above on a Bio-rad 

thermocycler (Waltham, USA) in total 

reaction volumes of 50 µL. PCR samples 

contained the following components: 1 L 

genomic DNA (50 ng/L), 1.5 L forward 

primer (10 M), 1.5 L reverse primer (10 

M), 2.5 L pfu Turbo polymerase (2500 

units/mL) (Agilent Technologies, UK), 5 

L pfu Turbo buffer (10x), 1 L dNTPs 

(10 mM each), and 37.5 L sterile water. 

The following PCR conditions were used: 

1x cycle of 95°C for 3 minutes, then 30x 

cycles of 95°C for 30 seconds, 58°C for 30 

seconds and 72°C for 2 minutes, then 1x 

cycle of 72°C for 2 minutes, and finally 

held at 4°C. The PCR was analysed 

through agarose gel electrophoresis to 

confirm successful amplification. The 

product obtained from the PCR was run on 

and extracted from an agarose gel and both 

the PCR product and plasmid pTTQ18 

were cut using EcoRI and PstI restriction 

enzymes (New England Biolabs). Then, 

the gene was ligated into pTTQ18 using 

T4 DNA ligase (New England Biolabs) 

and transformed into the Omnimax strain 

of E. coli (Thermo Fisher Scientific). The 

plasmid construct was analysed through 

agarose gel electrophoresis and subjected 

to automated DNA sequencing to confirm 

that the desired gene had been cloned 

without mutation and inserted into 

pTTQ18 in the correct orientation. 

Positive clones were transformed into 

BL21(DE3) E. coli cells (Invitrogen) for 

the optimisation of DYC18_RS18060-

His6 expression. 

2.3. Recombinant Protein Expression 

A clone of E. coli BL21(DE3) cells 

transformed with pTTQ18/DYC18_ 

RS18060-His6 was streaked onto an LB-

agar plate (1.5%) containing carbenicillin 

(Melford Laboratories, UK) (100 µg/mL) 

and incubated at 37°C, overnight. The 

expression of DYC18_RS18060-His6 was 

tested from small-scale cultures grown in 

LB medium (50 mL) supplemented with 

carbenicillin (100 µg/mL). A single 

colony was used to inoculate the LB 

medium and the culture was incubated 

(37°C, 220 rpm) up to an A600 of 0.6. 

Induction was initiated by adding 

isopropyl-β-d-1-thiogalactopyranoside 

(IPTG) (Melford Laboratories, UK) (0.5 

mM).  Growth was continued for 2 hours 

before harvesting the cells by 

centrifugation (12000 x g, 4 °C, 10 

minutes). Mixed (inner and outer) 

membranes were isolated from the cells 

using a water lysis procedure. The 

successful amplified expression of the 

DYC18_RS18060-His6 protein was 

checked through sodium dodecyl sulphate 

polyacrylamide gel electrophoresis (SDS-

PAGE) and western blotting. 

https://www.genelink.com/
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2.4. Large-Scale Cultures and 

Membrane Preparation 

For large-scale membrane preparation, a 

total of 10 litres of cells in 2-litre flasks 

were grown to an A600 of 0.6, then induced 

with IPTG (0.5 mM) and grown for a 

further 3 hours before harvesting by 

centrifugation (6000 x g, 15 min, 4°C) and 

stored at -80°C. At a later time, the cells 

were thawed, suspended in Tris-EDTA 

buffer (20 mM Tris, pH 7.5 with 0.5 mM 

EDTA) and disrupted by passing twice 

through a cell disrupter (Constant Systems) 

at 30 kpsi.  Undisrupted cells and cell debris 

were removed by centrifugation at 12000 x 

g for 45 minutes at 4°C. The supernatant 

containing all (inner and outer) membranes 

was collected. The inner and outer 

membranes were separated by sucrose 

gradient ultracentrifugation and prepared as 

described in Ward et al. [38], followed by 

washing and resuspension in Tris buffer (20 

mM, pH 7.5), dispensing into aliquots, 

freezing in liquid nitrogen and storage at -

80°C. 

2.5. SDS-PAGE and Western Blotting 

SDS-PAGE comprised the use of 4% 

stacking gels and 15% resolving gels made 

from acrylamide (40%) and bisacrylamide 

(2%) solutions (BioRad Laboratories). The 

samples contained 10 g protein and gels 

were stained with Coomassie Brilliant Blue 

R-250 (Thermo Fisher Scientific). For 

western blotting, the samples containing 5 

g protein were first separated by SDS-

PAGE. They were then transferred from the 

gel to a FluorotransTM membrane (Pall 

BioSupport, UK) using a Trans-Blot semi-

dry transfer cell (BioRad) operating at 18 

volts for 35 minutes. This process involved 

the pre-soaking of four pieces of filter paper 

in 0.5x SDS-PAGE running buffer. Then 

membrane was layered on two of these 

soaked filter papers followed by the 

respective layering of the polyacrylamide 

gel and two more pieces of filter paper.  

Following transfer, the membrane was 

incubated with bovine serum albumin (3%) 

in TBST (20 mM Tris-HCl pH 7.6, 0.05% 

v/v Tween-20, 0.5M NaCl) for 3 hours at 

4°C to block the non-specific binding sites. 

It was washed twice with TBST (20 mL) at 

room temperature for 10 minutes and then 

incubated for 1 hour with HisProbe-HRP 

antibody (QIAGEN Ltd) (10 mL) diluted to 

1:5000 with TBST, followed by three 

washes with TBST (20 mL) for 10 minutes 

each. A 6-mL SuperSignal West Pico 

chemiluminescent solution was prepared 

by mixing 3 mL West Pico 

luminol/enhancer solution (Perbio Science, 

UK) (3 mL) and West Pico stable peroxide 

solution (Perbio Science, UK) (3 mL). 

Finally, the membrane was incubated with 

this solution for 3 minutes before being 

wrapped in acetate for exposure (Syngene 

G:Box). 

2.6. Computational Methods 

Gene and protein sequence information was 

obtained from the National Center for 

Biotechnology Information (https://www. 

ncbi.nlm.nih.gov) and from the UniProt 

KnowledgeBase (https://www.uniprot.org). 

Similar sequences were identified using the 

Basic Local Alignment Search Tool 

available at NCBI (https://blast.ncbi.nlm. 

nih.gov/Blast.cgi) or UniProt. The protein’s 

chemical and physical parameters were 

calculated using the ExPASy tool 

ProtParam (https://web.expasy.org/protparam/) 

[39]. Putative transmembrane regions in the 

protein were identified using the TMHMM 

Server v. 2.0 (http://www.cbs.dtu.dk/ 

services/TMHMM/) [40] and TOPCONS 

https://www.uniprot.org/
https://web.expasy.org/protparam/
http://www.cbs.dtu.dk/%20services/TMHMM/
http://www.cbs.dtu.dk/%20services/TMHMM/
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(https://topcons.cbr. su.se) [41]. Homology 

modelling was performed using the 

ExPASy SWISS-MODEL tool 

(https://swissmodel.expasy. org) [42]. The 

alignment of protein sequences was 

achieved using Clustal Omega at EMBL-

EBI (https://www.ebi.ac.uk/Tools/msa/ 

clustalo/) [43], from which the nearest-

neighbour phylogenetic results were 

extracted in Newick format and displayed 

using iTOL (Interactive Tree of Life, 

http://itol.embl.de/index.shtml) [44].  

3. Results 

3.1. Cloning and Amplification of the 

DYC18_RS18060 Gene 

PCR primers designed for cloning and 

amplifying the DYC18_RS18060 gene 

from R. erythropolis with a His6-tag were 

predicted to be free of dimers or other 

secondary structures. They were also 

predicted to have other ideal properties, 

including a melting temperature of ≥65 

°C, a GC content of less than 40% and 

termination with a G or C base. The 

analysis of the PCR product through 

agarose gel electrophoresis showed that 

the DYC18_RS18060 gene was 

successfully cloned and amplified. 

According to the restriction digestion 

analysis of the plasmid construct, the 

DYC18_RS18060 gene was successfully 

ligated into pTTQ18 at the EcoRI and PstI 

restriction sites (Figure 1). The gene insert 

ran on the agarose gel at a position 

consistent with a predicted length of 1437 

bp, as given by the database entries for 

DYC18_RS18060. DNA sequencing 

confirmed that the DYC18_RS18060 gene 

was cloned without mutation and inserted 

into pTTQ18 in the correct orientation. 

 
Figure 1. Agarose gel showing the 

restriction digestion analysis of the plasmid 

construct containing gene 

DYC18_RS18060  

The product from the PCR for amplifying 

the DYC18_RS18060 gene was run on and 

extracted from an agarose gel and digested 

by EcoRI and PstI restriction enzymes. A 

1.5% agarose gel was loaded with the 

following samples: (1) 1 kb DNA ladder 

size markers; (2) undigested plasmid 

pTTQ18; (3) EcoRI-digested plasmid 

pTTQ18; (4) EcoRI/PstI-digested 

constructed plasmid pTTQ18/DYC18_ 

RS18060-His6; (5) EcoRI/PstI-digested 

PCR product. The arrow indicates the band 

for the DYC18_RS18060-His6 gene with a 

size of 1437 bp. 

3.2. Detection of Amplified DYC18_ 

RS18060-His6 Expression 

The constructed plasmid pTTQ18/ 

DYC18_RS18060-His6 was introduced 

into BL21(DE3) E. coli cells for 

expression studies. Recombinant DYC18_ 

RS18060-His6 expression was tested from 

50-mL cultures of cells grown in LB 

medium and induced with IPTG. Both 

SDS-PAGE and western blotting detected 

an amplified protein band with an apparent 

size of ~37 kDa during membrane 

preparations from induced cultures 

(Figure 2). 

https://www.ebi.ac.uk/Tools/msa/%20clustalo/
https://www.ebi.ac.uk/Tools/msa/%20clustalo/
http://itol.embl.de/index.shtml
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Figure 2. Test for the Amplified Expression of the DYC18_RS18060-His6 Protein 

Coomassie-stained SDS-PAGE (A) and 

western blot (B) analysis of the inner and 

outer membrane preparations from the 

cultures of induced (0.5 mM IPTG) 

BL21(DE3)/DYC18_RS18060-His6 cells. 

Cells were grown in LB medium at 37°C 

with shaking at 220 rpm until the A600 

reached 0.6, then they were induced with 

IPTG (0.5 mM) and grown for a further 3 

hours. Cells were harvested by 

centrifugation (6000 x g, 15 min, 4°C), 

were disrupted using a cell disrupter and 

then the inner and outer membranes were 

separated by sucrose density gradient 

ultracentrifugation. The samples were 

loaded on the gel as follows: (1) molecular 

weight markers (kDa) (gel: SDS-7, Sigma-

Aldrich; blot: RainbowTM, Amersham 

Biosciences) (10 g), (2) outer membranes 

(10 g), and (3) inner membranes (10 g). 

The blot was probed using a RGS-His6 

antibody. The arrow indicates the position 

of the amplified DYC18_RS18060-His6 

protein migrating at a size of ~37 kDa. 

3.3. Bioinformatics Analysis of DYC18_ 

RS18060 

Several databases and computational 

methods were used to obtain and analyse 

the chemical and physical properties, 

predicted structural and functional 

characteristics, as well as the evolutionary 

relationships of the DYC18_RS18060 

protein. 

The 478 amino acids in DYC18_RS18060 

were predicted to have a molecular weight 

of 51087.74 Da and a theoretical pI of 6.58. 

The protein was found to have a high 

aliphatic index of 113.24 and a high grand 

average of hydropathicity (GRAVY), that 

is, 0.728. It was predicted to form twelve 

transmembrane-spanning -helices with 

both the N- and C-terminal ends at the 

cytoplasmic side of the membrane, as 

illustrated by tools that predict the positions 

of transmembrane helices (Figure 3A) and 

by homology modelling based on the X-ray 

crystal structure of Mhp1 (Figure 3B), with 

which it shares 22.6% sequence identity. 

The protein was found to contain a slight 

excess of negatively charged residues (26x 

Asp/Glu) over positively charged residues 

(25x Arg/Lys). A large majority of the 

positively charged residues (18 out of 25) 

were located in the predicted loop regions 

at the cytoplasmic side of the membrane 

(Figure 3). 
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Figure 3. Predicted structure of R. erythropolis protein DYC18_RS18060 

(A) Predicted transmembrane helices in 

DYC18_RS18060. The amino acid 

sequence of DYC18_RS18060 (478 

residues) was analysed by the membrane 

topology prediction tools TMHMM and 

TOPCONS. The predicted positions of 

twelve transmembrane helices in the 

sequence of DYC18_RS18060 are 

highlighted (grey). Positively charged 

(Arg/Lys) (red) and negatively charged 

(Asp/Glu) (blue) residues are coloured. 

Positions corresponding to residues 

involved in substrate binding in Mhp1 

based on sequence alignment between 

DYC18_RS18060 and Mhp1 (Figure 5 and 

Table 1) are also highlighted (green). (B) 

Three-dimensional homology model of 

DYC18_RS18060 based on the 2.85-Å X-

ray crystal structure of Mhp1 (PDB 2JLN) 

[13], with which it shares 22.6% sequence 

identity, is generated using the ExPASy 

SWISS-MODEL tool . The model is 

coloured in rainbow effect with the N-

terminus in blue and the C-terminus in red. 

The grey dots represent the predicted outer 

barriers of the membrane. 

MTHDGPAEVILTPERRTIDVVPDAERHGTPRSQFTLWFGANMQITAIVDGALAVVFGADA  60 

IWAIVGLLIGNIFGGAVMALHSAQGPRMGLPQMISSRAQFGVKGAVVPLVLVILMYLGFA  120 

ATGTVLAGQAVNKILHIDSPTVGIVVFGLLTAFVAVTGYKLIHIVGRIATVVGIVGFSYL  180 

AVRLFLEYDVASYVGIKGFDIVTFLLAISLGAGWQLTFGPYVADYSRYLPRSTSESTTFW  240 

STFLGSVIGSQWSMTFGALVAACAGDAFLGNQVGFMGDLAGPAAIAFLIYFVILVGKLTV  300 

NVLNAYGGFMSILTTVTAFNGQSRISSTARTLYILGFTAVSVLIAIAASADFLDNFKNFV  360 

LVLLMVFTPWSAINLIDYYLISKERIDIPALYDVNGRYGAWNFTALACYAAGVLAQIPFL  420 

AQKMYTGPVTDMLGGADISWIVGIVFTGLIYYPLAKRTSNPPSSMIYPDHTAMTDSRV    478 
 

 

A

B
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Figure 4. Closest evolutionary relationships of R. erythropolis protein DYC18_RS18060  

The sequence of the DYC18_RS18060 

protein was subjected to a BLAST search 

against proteins in the UniProt database. 

The sequences of the top 250 results were 

aligned using Clustal Omega. The nearest-

neighbour phylogenetic results were 

extracted in Newick format and displayed 

as an unrooted phylogenetic tree using 

iTOL. The DYC18_RS18060 protein is 

indicated (red arrow). Some of the proteins 

are grouped (red ellipses) and some details 

are given about the host bacterial species 

and the putative function of the protein, as 

listed in the UniProt database. 

The NCBI entry for the DYC18_RS18060 

gene (https://www.ncbi.nlm.nih.gov/gene/ 

61556622) lists it as coding for a cytosine 

permease, as per the NCS-1 family. A 

BLASTP search of the NCBI database 

produced a top 100 results with sequence 

identities ranging from 100.0% to 79.9%. 

They were all listed as cytosine permeases, 

albeit all from Rhodococcus or Norcadia 

species. The NCBI entry for 

50x Streptomyces sp.
22x Cytosine permease
16x NCS-1/substrates
11x Sulfonate ABC transporter 
substrate-binding protein
1x Uncharacterised

Amycolatopsis acidiphila
Cytosine permease

3x CodB Purine/
Cytosine permease

7x Erwinia sp./Pantoea sp. Cytosine permease

6x Klebsiella sp. Allantoin/
Purine/Cytosine permease

14x Pseudomonas sp.
5x Cytosine permease
5x NCS-1/substrates
3x Sulfonate ABC transporter 
substrate-binding protein
1x Probable transporter

6x Various sp.
Cytosine permease

7x Pseudomonas sp. Cytosine
permease/NCS-1 substrates

11x Burkholderia sp. 
6x NCS-1/substrates
4 x Cytosine permease
1x Sulfonate ABC transporter 
substrate-binding protein

10x Various sp.
5x NCS-1/substrates
4x Cytosine permease
1x Uncharacterised

11x Various sp.
5x NCS-1/substrates
4x Cytosine permease
2x Sulfonate ABC transporter 
substrate-binding protein

20x Various sp.
9x NCS-1/substrates
9x Cytosine permease
1x Sulfonate ABC transporter 
substrate-binding protein
1x Uncharacterised

77x Various sp.
33x NCS-1/substrates
24x Cytosine permease
12x Sulfonate ABC transporter 
substrate-binding protein
4x Allantoin permease
3x Putative transporter
1x Uncharacterised

DYC18_RS18060

https://www.ncbi.nlm.nih.gov/gene/%2061556622
https://www.ncbi.nlm.nih.gov/gene/%2061556622
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DYC18_RS18060 also refers to an identical 

R. erythropolis protein in the UniProt 

KnowledgeBase, listed as an allantoin 

permease (https://www.uniprot.org/uniprot/ 

A0A0E4AAD2). When the sequence of the 

protein DYC18_RS18060 was subjected to 

a BLAST search against all proteins in the 

UNIPROT database, the top 250 results 

with sequence identities of 89.7-39.7% 

were mostly (202 out of 250) predicted to 

be NCS-1-type proteins (Figure 4), with 99 

of these listed as “Cytosine permease”. 

Forty-nine were listed as 

“Nucleobase:cation symporter-1, NCS-1 

family”, 33 as “Permease for 

cytosine/purines, uracil, thiamine, 

allantoin”, nine as “Allantoin permease”, 

six as “Putative transporter”, five as “NCS-

1 nucleoside transporter family protein” 

and one as “Permease for cytosine 

allantoin”. Interestingly, 38 were listed as 

“Sulfonate ABC transporter substrate-

binding protein”. 

When the sequence of DYC18_RS18060 

was aligned with those of experimentally 

characterised NCS-1 transporters, it was 

found to share only 25.0%, 24.4%, and 

22.6% overall sequence identities with 

CodB (cytosine), PucI (allantoin) and 

Mhp1 (hydantoins), respectively (Figure 

5). From the sequence alignment between 

DYC18_RS18060 and crystographically 

defined Mhp1, it was found that four out of 

the nine residues involved in substrate 

interactions in Mhp1 were identical at the 

corresponding positions in 

DYC18_RS18060 and a further two were 

similar (Table 1). 

Table 1. Conservation of Residues Involved in Substrate Binding in Characterised 

Bacterial NCS-1 Proteins  

Mhp1 PucI CodB Rhod 

TMI 
Gln42 

Ala44 

Asn43 

Pro45 

Phe33 

Ala35 

Gln43 

Thr45 

TMIII 
Trp117 

Gln121 

Trp119 

Gln123 

Trp108 

Gly112 

Phe119 

Gly123 

TMVI 

Gly219 

Trp220 

Ala222 

Ile239 

Trp240 

Thr242 

Ser203 

Phe204 

Ser206 

Gly213 

Trp214 

Leu216 

TMVIII Asn318 Asn329 Leu284 Asn301 

TMX Leu363 Leu377 Leu325 Val360 

*Residues in the substrate binding site of crystallographically defined Mhp1 (5-

arylhydantoins) are compared with those at the corresponding positions in PucI (allantoin), 

CodB and R. erythropolis DYC18_RS18060 based on sequence alignments. Colouring 

indicates residues that are identical (red) or highly similar (blue) to residues at the same 

positions in Mhp1. 

https://www.uniprot.org/uniprot/%20A0A0E4AAD2
https://www.uniprot.org/uniprot/%20A0A0E4AAD2
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Figure 5. Multiple sequence alignment between R. erythropolis protein DYC18_RS18060 

and characterised bacterial NCS-1 proteins  

The sequences of DYC18_RS18060, Mhp1 

from M. liquefaciens (D6R8X8), PucI from 

B. subtilis (P94575) and CodB from E. coli 

(P0AA82) were aligned using Clustal 

Omega. Residues that are identically 

conserved in three or four of the proteins 

are highlighted (red text). Residues 

involved in substrate binding in Mhp1 are 

Rhod  MTHDGPAEVILTPERRTIDVVPDAERH-GTPRSQFTLWFGANMQITAIVDGALAVVFGAD  59 

Mhp1  MNS-TPIEEARSLLNPSNAPTRYAER-SVGPFSLAAIWFAMAIQVAIFIAA-GQMTSSFQ  57 

PucI  MKLKESQQQSNRLSNEDLVPLGQEKR-TWKAMNFASIWMGCIHNIPTYATVGGLIAIGLS  59 

CodB  ------MSQDNNF---SQGPVPQSARKGVLALTF--VMLGLTFFSA-SMWTGGTLGTGLS  48 

 

Rhod  AIWAIVGLLIGNIFGGAVMALHSAQGPRMGLPQMISSRAQFGVKGAVVPLVLVILMYLGF  119 

Mhp1  VWQVIVAIAAGCTIAVILLFFTQSAAIRWGINFTVAARMPFGIRGSLIPITLKALLSLFW  117 

PucI  PWQVLAIIITASLILFGALALNGHAGTKYGLPFPVIIRASYGIYGANIPALLRAFTAIMW  119 

CodB  YHDFFLAVLIGNLLLGIYTSFLGYIGAKTGLTTHLLARFSFGVKGSWLPSLLLGGTQVGW  108 

 

Rhod  AATGTVLAGQAVNKILHIDSP------------------TVGIVVFGLLTAFVAVTGYKL  161 

Mhp1  FGFQTWLGALALDEITR-LLTGFTNLP-------------LWIVIFGAIQVVTTFYGITF  163 

PucI  LGIQTFAGSTALNILLLNMWPGWGEIGGEWNILGIHLSGLLSFVFFWAIHLLVLHHGMES  179 

CodB  FGVGVAMFAIPVGKAT-----GL--------------DINLLIAVSGLLMTVTVFFGISA  149 

 

Rhod  IHIVGRIATVVGIV---GFSYLAVRLFLEYDVASYVGIKG------FDIVTFLLAISLGA  212 

Mhp1  IRWMNVFASPVLLAMGVYMVYLMLDGAD-VSLGEVMSMGGE-----NPGMPFSTAIMIFV  217 

PucI  IKRFEVWAGPLVYLVFGGMVWWAVDI-A-GGLGPIYSQPGKFHTFSETFWPFAAGVTGII  237 

CodB  LTVLSVIAVPAIACLGGYSVWLAVNGMG--GLDALKAV------VPAQPLDFNVALALVV  201 

 

Rhod  GGWLTFGPYVADYSRYLPRSTSESTTFWSTFLGSVIGSQWS------MTFGALVAACAGD  266 

Mhp1  GGWIAVVVSIHDIVKECKVDPNASREGQTKADARYATAQWLGMVPASIIFGFIGA--ASM  275 

PucI  GIWATLILNIPDFTRFAETQKEQ------------IKGQFYGLPGTFALFAFASITVTSG  285 

CodB  GSFISAGTLTADFVRFGRNAKLAVLVA--------MVAFFLGN-SLMFIFGAAGAAALGM  252 

 

Rhod  AFLG------NQVGFMGDLAGPAAIAFLIYFVILVGKLTVNV----LNAYGGFMSILTTV  316 

Mhp1  VLVGEWNPVIAITEVVGGVSIPMAILFQV-FVLLA-TWSTNPAANLLSPAYTLCSTFPRV  333 

PucI  SQVAFGEPIWDVVDILARFDNPYVIVLSVITLCIA-TISVNVAANIVSPAYDIANALPKY  344 

CodB  A-------DISDVMIAQGLLLPA-----IVVLGLN-IWTTNDNALYASG-LGFAN--ITG  296 

 

Rhod  TAFNGQSRISSTARTLYILGFTAVSVLIAIAASADFLDNFKNFVLVLLMVFTPWSAINLI  376 

Mhp1  FTFKTGVIVSAVV------GL-----LMMPWQFAGV---LNTFLNLLASALGPLAGIMIS  379 

PucI  INFKRGSFITALL------AL-----FTVPWKLMESATSVYAFLGLIGGMLGPVAGVMMA  393 

CodB  MSSKTLSVINGII------GT-----VCALWLYNN----FVGWLTFLSAAIPPVGGVIIA  341 

 

Rhod  DYYLISKERIDIPALYDVNGRYGAWN---FTALACYAAGVLAQIPFLAQKMYTGPV-TDM  432 

Mhp1  DYFLVRRRRISLHDLYRTKGIYTYWRGVNWVALAVYAVALAVSFLTPDLMFVTGLIAALL  439 

PucI  DYFIIRKRELSVDDLYSETGRYVYWKGYNYRAFAATMLGALISLI--------GMYVPVL  445 

CodB  DYLMNRRRYEHFAT--------TRMMSVNWVAILAVALGIAAGHWLPGIVPVNAVLGGA-  392 

 

Rhod  LGGADISWIVGIVFTGLIYYPLA---KRTSNPPSSMIYP-DHTAMTDSRV  478 

Mhp1  LHIPAMRWVAKTFPLFSEAESRNEDYLRPIGPVAPADESATANTKEQNQR  489 

PucI  KSLYDISWFVGVLISFLFYI----VLMRVHPPASLAIETVEHAQVRQAE-  490 

CodB  ----------------LSYLILNPILNRKT---TAAMTHVEANSVE----  419 
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also highlighted (green). Transmembrane 

helices in Mhp1 based on its crystal 

structure (PDB 4D1B) [13] are highlighted 

as follows: transmembrane helix (grey), 

internal helix (cyan), external helix (pink). 

Putative transmembrane helices in 

DYC18_RS18060 based on TMHMM 

prediction (Figure 3) are also highlighted 

(grey). 

4. Discussion 

Structural and functional studies of a 

membrane protein require sufficient 

quantities of the respective protein in native 

membranes, or purified protein that is 

detergent-solubilised or reconstituted in a 

native-like environment [45-48], especially 

for applying techniques such as X-ray 

diffraction (XRD), cryo-electron 

microscopy (cryo-EM), mass spectrometry 

(MS), surface plasmon resonance (SPR), 

and nuclear magnetic resonance (NMR) 

spectroscopy [49-56]. Since the natural 

expression level of membrane proteins is 

usually too low, amplified expression must 

be achieved [29, 57]. In the current 

research, we demonstrated the successful 

amplified expression of the R. erythropolis 

protein DYC18_RS18060 with a C-

terminal His6-tag, as observed by an 

amplified band at ~37 kDa by SDS-PAGE 

and western blotting. Whilst the predicted 

molecular weight of DYC18_RS18060-

His6 is 51.1 kDa, it is well known that 

membrane proteins migrate anomalously 

through SDS-PAGE at lower molecular 

weight positions than their actual 

weight/position [58]. Applying the 

correction factor to the observed molecular 

weight (divide by 0.82) for fast migrating 

proteins gives a corrected apparent 

molecular weight of 45.1 kDa, which 

reduces the margin of error from 27.6% to 

11.7%. Culture volumes can now be further 

scaled up to produce sufficient material for 

purifying milligram quantities of 

DYC18_RS18060-His6. 

In the computational analysis of 

DYC18_RS18060, the high aliphatic index 

and GRAVY values reflected the high 

contents of aliphatic residues in the protein 

(11.5% alanine, 10.0% glycine, 10.3% 

leucine, 10.0% valine), which are similar to 

the average contents of the aliphatic 

residues in secondary transporters from E. 

coli [59]. The observation that a large 

majority of the positively charged residues 

are located in the predicted loop regions at 

the cytoplasmic side of the membrane 

agrees with the positive-inside rule of von 

Heijne [60]. 

Gene and protein database entries for 

DYC18_RS18060 and for the nearest-

neighbour proteins identified through 

BLAST searches currently list them as 

cytosine permease, allantoin permease or as 

a transporter of other NCS-1 family 

substrates; however, none of these proteins 

have been characterised by laboratory 

experiments yet. Combined with the 

observation that DYC18_RS18060 shares a 

relatively low overall sequence identity 

with any of the experimentally 

characterised NCS-1 transporters, it was 

also found that the residues in 

DYC18_RS18060 correspondng to the 

positions involved in interations with 

substrates in Mhp1 are not highly 

conserved with any of the experimentally 

characterised NCS-1 transporters. For 

example, when comparing 

DYC18_RS18060 and CodB at the same 

positions, only one glycine residue 

(Gly123) is identical and three residues 

(Phe119, Trp214, Val360) are similar. In 
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contrast, the experimentally charactersised 

cytosine transporter VPA1242 from V. 

parahaemolyticus [27] shares 75.2% 

sequence identity with CodB and at the 

Mhp1-defined substrate binding positions, 

all nine residues are identical in VPA1242 

and CodB. Overall, there is no strong 

evidence for DYC18_RS18060 having the 

same substrate specificity as any of CodB 

(cytosine), PucI (allantoin) or Mhp1 

(hydantoins). So, transport measurements 

using radiolabelled potential substrates [7, 

12, 15] need to be performed for defining 

the substrate specificity of 

DYC18_RS18060.  

5. Conclusion 

In order to obtain further information about 

the structure, function and evolutionary 

relationships of bacterial NCS-1 family 

transport proteins, we have to overcome the 

challenge of cloning the R. erythropolis 

gene DYC18_RS18060 with the 

introduction of a His6-tag and amplifying 

expression of the translated protein in E. 

coli inner membranes. Large-scale flask or 

fermentor cultures can be used to produce 

sufficient quantities of membrane 

preparations to purify and reconstitute the 

DYC18_RS18060-His6 protein and to 

assess its purity, yield and thermal stability. 

The protein can then be analysed using a 

multitude of chemical, biochemical and 

biophysical techniques. Bioinformatics 

analysis of DYC18_RS18060 was 

consistent with the protein having an 

overall structural organisation of an NCS-1 

protein; however, its predicted role as a 

cytosine permease (currently given in 

databases) was not certain based on the 

comparison of the residues involved in 

substrate binding in experimentally 

characterised bacterial NCS-1 proteins. The 

substrate specificity of DYC18_RS18060 

needs to be determined by transport 

measurements using radiolabelled potential 

substrates. This work laid the foundations 

for further structural and functional studies 

of DYC18_RS18060 and other NCS-1 

proteins. 
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