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Abstract
In Oryza sativa (rice) there are seven members in the NRAMP (natural resistance- associated macrophage protein) family 
of transporter proteins. They have been identified as OsNRAMP1, OsNRAMP2, OsNRAMP3, OsNRAMP4, OsNRAMP5, 
OsNRAMP6 and OsNRAMP7. Several metal ions like Zn2+, Mn2+, Fe2+, Cd2+ etc. have been studied to be transported via 
NRAMP transporter proteins in rice plant. In spite of this, very little information is available regarding these transporters. 
Hence it is important to computationally predict and characterize the OsNRAMP family of transporters for studying and 
understanding their molecular insights in future studies. For this purpose, various in silico methods and tools were used for 
the characterization of OsNRAMP family of transporter proteins. Physico-chemical properties of the protein sequences were 
calculated, putative transmembrane domains (TMDs) and conserved motif signatures were determined and their interaction 
partners were predicted. 3D models of all the members of OsNRAMP transporters were generated using online structure 
prediction tool followed by their analysis. In silico microarray analysis was done to understand the expression pattern of 
these transporters in rice plant. Currently, only limited knowledge is available about the structural and functional aspects of 
these transporters, hence this study would provide more theoretical information about them.

Keywords  Oryza sativa · Physico chemical features · Interaction partners · 3D model prediction · Gene expression analysis

1  Introduction

Transporters play a very important role in metal uptake 
and sequestration in plants. A lot of study has been done 
on plant transporters using heterologous mode of expres-
sion. Transporter proteins on the cell membranes work as 
carriers and channels for the transport of metals and other 
ions. One such family of transporters is the NRAMP (natural 
resistance-associated macrophage protein) family of trans-
porters. NRAMP protein family functions as a divalent metal 
transporter in a wide range of living beings i.e. from bacteria 
to humans [1]. They share a remarkable protein sequence 
identity between yeast, plant, fly and mammals [2]. In plants, 

NRAMPs also transport a range of divalent metal cations 
including iron, manganese, cadmium, and zinc [3].

Rice is the majorly consumed food crop in many South 
East Asian countries. Unfortunately, rice is poor in many 
essential micronutrients and vitamins, and deficiencies in 
these micronutrients are common in developing countries 
[4]. In Oryza sativa (rice) 7 such NRAMP transporters 
have been identified viz., OsNRAMP1, OsNRAMP2, OsN-
RAMP3, OsNRAMP4, OsNRAMP5, OsNRAMP6 and 
OsNRAMP7.

Of the seven NRAMPs in rice, only five have been func-
tionally characterized. The exact role of OsNRAMP1 is 
unknown but it is suggested to be involved in Cd uptake. 
OsNRAMP4 also known as Nrat1 (Nramp aluminum trans-
porter1) is the first transporter in this family to be identified 
as the trivalent Al ion transporter [5]. In contrast to other 
rice NRAMP members, OsNRAMP4 does not show trans-
port activity for divalent metal ions, like Zn, Mn, and Fe. It 
shares relatively low similarity with the other OsNRAMP 
members [5, 6]. In response to environmental changes, OsN-
RAMP3 differentially transports Mn [7]. It is reported that 
OsNRAMP5 plays a role in the uptake of Mn, Fe and also 
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Cd from the soil in rice [8]. Recently OsNRAMP6 has been 
identified to be involved in uptake of Fe and Mn [9].

It has been previously reported that NRAMPs are highly 
hydrophobic membrane proteins with 10–12 putative TMDs 
with cytosolic N and C terminals. The consensus of trans-
port residues lies on the intracellular loop between TMD-8 
and 9 [2, 10]. In spite of its important role in rice plant, 
very little information is available about them and there is 
no available crystal structure for these transporters. There-
fore, this study is focused on the study of characteristics of 
OsNRAMP family of transporters, prediction of their 3D 
structure and study of their expression pattern using bioin-
formatics tools.

2 � Materials and Methods

2.1 � Retrieval of NRAMP Transporter Protein 
Sequences

The protein sequences of OsNRAMP family transport-
ers were obtained from Rice Annotation Project Database 
(http://rapdb​.dna.affrc​.go.jp/) [11, 12]. The protein sequence 
IDs are OsNRAMP1 (Os07g0258400), OsNRAMP2 
(Os03g0208500), OsNRAMP3 (Os06g0676000), OsN-
RAMP4 (Os02g0131800), OsNRAMP5 (Os07g0257200), 
O s N R A M P 6  ( O s 0 1 g 0 5 0 3 4 0 0 ) ,  O s N R A M P 7 
(Os12g0581600).

2.2 � Analysis of NRAMP Family of Transporter 
Proteins

Physico-chemical features of OsNRAMP family trans-
porter sequences were analysed by Protparam tool (http://
web.expas​y.org/protp​aram/) [13]. Protein domain families 
were searched in Pfam database (http://pfam.xfam.org/) 
[14]. Transmembrane domains (TMDs) were predicted by 
TMHMM Server v.2.0 (http://www.cbs.dtu.dk/servi​ces/
TMHMM​/) [15]. Sub-cellular localizations were predicted 
by CELLO server (http://cello​.life.nctu.edu.tw/) [16]. Motif 
analysis was performed using MEME tool (http://meme-
suite​.org/tools​/meme) [17] with the following parameters; 
maximum number of motifs to find, 5; minimum width of 
motif, 6 and maximum width of motif, 50. Each motif was 
scanned with the protein sequence database (Swissprot) 
using FIMO (Find Individual Motif Occurrences) (http://
meme-suite​.org/tools​/fimo) [18]. Other physicochemical 
features like net charge of the protein at pH7 was predicted 
using Innovagen’s Peptide Calculator (http://pepca​lc.com/), 
its estimated solubility and hydropathy plot was predicted 
using Expasy ProtScale (https​://web.expas​y.org/prots​cale/) 
[13] with a window size of 19 amino acids. Using Clustal 
Omega tool (http://www.ebi.ac.uk/Tools​/msa/clust​alo/) [19] 

percent identity matrix was created. To infer the evolution-
ary relationship between the OsNRAMP transporters in rice, 
a phylogenetic tree was constructed using Clustal Omega 
Phylogenetic tree using default parameters. Also the align-
ment of rice NRAMP transporter protein sequences was 
carried out using Clustal omega with default parameters. 
Interactome network was generated using STRING (Search 
Tool for the Retrieval of Interacting Genes/Proteins) data-
base (http://strin​g-db.org) [20, 21]. It is a pre-computed 
database for the exploration and analysis of protein–protein 
associations.

2.3 � 3D Structure Prediction and Validation

The 3D structure of OsNRAMP transporters is unavailable 
in the RCSB protein data bank. Hence the models for all the 
7 members of OsNRAMP transporter were predicted via 
I-TASSER (http://zhang​lab.ccmb.med.umich​.edu/I-TASSE​
R/) server [22] and Robetta (http://robet​ta.baker​lab.org/) 
[23]. I-TASSER (Iterative Threading ASSEmbly Refine-
ment) is a hierarchical protein structure modelling method 
[24, 25]. The program retrieves template proteins of simi-
lar folds from the PDB library. If no similar structures are 
detected, I-TASSER models the whole structure ab initio. 
I-TASSER does not consider disulfide bond during simula-
tion. In spite of that the predicted models are considered 
correct as it is judged by global topology, not local bonding. 
The structure is not only held together by disulfide bond. It 
also has hydrophobic interaction, salt bridge, van der Waals, 
and hydrogen bond. Force pairing can be done by giving 
additional restraints to I-TASSER by specifying contacts. 
Through the webserver, one can unfold “Option I: Assign 
additional restraints & templates to guide I-TASSER model-
ling.” and choose “Assign contact/distance restraints”.

For 3D structure generation, protein sequences of OsN-
RAMP transporters were used as input. Starting from an 
amino acid sequence, three-dimensional (3D) atomic mod-
els were generated from multiple threading alignments and 
iterative structural assembly simulations using I-TASSER. 
The models are ranked based on their confidence score 
(c-score), TM score, root mean square deviation (RMSD) 
and standard deviation. The accuracy of the predicted mod-
els by I-TASSER was provided based on the confidence 
score (C-score) of the modelling. The predicted structures 
were visualized using PyMOL [26].

The stereo-chemical quality of the final models was 
evaluated using Ramachandran plot obtained from Ram-
page (http://mordr​ed.bioc.cam.ac.uk/~rappe​r/rampa​ge.php) 
[27]. These are used to determine the statistical significance 
of a protein 3D model considering the spatial position of 
amino-acids and overall stability of the structure. The amino 
acid environment was assessed by using Errat [28] from the 
UCLA-DOE LAB- SAVES server (https​://servi​ces.mbi.ucla.
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edu/SAVES​/). Also ProQ-Protein Quality Predictor (http://
www.sbc.su.se/~bjorn​w/ProQ/ProQ.cgi) [29] was used 
to determine the statistical significance of the 3D models 
considering the spatial position of amino-acids and overall 
stability of the structure. Structural comparison of the pre-
dicted models with the available structures in Protein Data 
Bank was done using Dali server (http://ekhid​na.bioce​nter.
helsi​nki.fi/dali_serve​r/start​) [30]. I-TASSER models were 
compared to Robetta models using Dali pairwise compari-
son (http://ekhid​na.bioce​nter.helsi​nki.fi/dali_lite/start​) [31]. 
The Dali server reports significance of each match with an 
estimated Z-score which is the raw comparison score, nor-
malized by the combined length of the proteins.

2.4 � Gene Expression Data Analysis

In silico expression profile of OsNRAMP genes was ana-
lysed in tissue and organs in the entire developmental cycle 
specific libraries using RiceXPro (http://ricex​pro.dna.affrc​
.go.jp/) [32, 33] by retrieving the expression values from 
the array database. To gain insight into expression profiles 
of OsNRAMP members in rice, transcript expressions were 
searched against RiceXpro databases using the Rice Annota-
tion Project Database ID’s. Later, a heat map was generated 
with the software CIMMiner (http://disco​ver.nci.nih.gov/
cimmi​ner) [34, 35].

3 � Results

3.1 � Analysis of NRAMP Family of Transporter 
Proteins

For the molecular insight of OsNRAMP transporter pro-
teins, their physicochemical characteristics were stud-
ied. All identified OsNRAMP’s contained the NRAMP 
(PF01566) family domain. They encode a protein of 
518–550 amino acid residues long with their molecular 
weight ranging from 55.814 to 59.708 kDa and mainly 
demonstrated basic characteristics with 5.19–8.48 pI 

value. These NRAMP transporter proteins were predicted 
to be localised in the plasma membrane (Table 1). They 
contained 10–12 putative TMDs with cytoplasmic N- and 
C-terminal regions.

Hydropathy for all the seven protein sequences of OsN-
RAMP transporter was predicted using ExPASy ProtScale. 
It plots the hydropathy of each amino acid in the protein 
sequence as a graph using the Kyte–Doolittle algorithm, 
with a window size of 19 amino acids (Online Resource 
Fig. 1). All the protein sequences were predicted to have 
poor water solubility. For all the protein sequences their 
net charge at pH 7 was predicted using Innovagen’s Pep-
tide Calculator to be as follows, OsNRAMP1 (1.3); OsN-
RAMP2 (-2); OsNRAMP3 (3.3); OsNRAMP4 (0.1); OsN-
RAMP5 (-0.4); OsNRAMP6 (5.5) and OsNRAMP7 (-9.7).

Multiple sequence alignment was done for all the 7 OsN-
RAMP protein sequences using Clustal Omega which uses 
seeded guide trees and HMM-profile techniques to generate 
alignment between multiple sequences as shown in Fig. 1. 
It is used to measure the similarity between sequences, 
examine patterns of conservation and variability and 
derive evolutionary relationship. Percent identity matrix of 
the OsNRAMP protein sequences (Table 2) indicate that 
OsNRAMP1 sequence is more identical to OsNRAMP5 
sequence with 73.84% identity, OsNRAMP2 sequence is 
more identical to OsNRAMP7 sequence with 68.28% iden-
tity, OsNRAMP3 sequence is more identical to OsNRAMP5 
sequence with 58.24% identity, OsNRAMP4 sequence is 
also more identical to OsNRAMP5 sequence with 59.13% 
identity and OsNRAMP6 sequence is more identical to OsN-
RAMP5 sequence with 53.85% identity.

The phylogenetic tree shows the evolutionary relation-
ship of OsNRAMP transporters using Neighbour-joining 
tree without distance corrections. In Fig. 2, we observe 
that we have three sister groups, one group being OsN-
RAMP1 and 5, another is OsNRAMP2 and 7 each hav-
ing a common ancestor and the third one is a lone taxon 
OsNRAMP6. OsNRAMP3 shares a common ancestry with 
OsNRAMP2 and 7, and similarly OsNRAMP4 shares its 
ancestry with OsNRAMP3, 2 and 7.

Table 1   List of NRAMP transporter proteins in rice and their characteristics

Protein symbol Protein length 
(amino acids)

MW (kDa) pI TMD GRAVY Domain family CELLO

OsNRAMP 1 518 55.814 7.58 11 0.684 Nramp (PF01566) Plasma membrane
OsNRAMP 2 524 56.928 6.17 10 0.564 Nramp (PF01566) Plasma membrane
OsNRAMP 3 550 59.708 8.33 12 0.514 Nramp (PF01566) Plasma membrane
OsNRAMP 4 545 59.244 7.00 12 0.558 Nramp (PF01566) Plasma membrane
OsNRAMP 5 538 58.497 6.76 12 0.588 Nramp (PF01566) Plasma membrane
OsNRAMP 6 550 59.057 8.48 11 0.615 Nramp (PF01566) Plasma membrane
OsNRAMP 7 541 58.932 5.19 11 0.466 Nramp (PF01566) Plasma membrane
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Fig. 1   Multiple Sequence 
Alignment of all the 7 OsNramp 
transporter protein sequences 
with DPGN and consensus 
transport motif highlighted

OsNramp2      ----------------MASRDLAESLLPVGGGAATATATATAHDEYDERAYDSDDKVSIA 
OsNramp7      MAPLPAAATATASSAATPADDEAHSLLPST------PSNEEDDDDLEERAYEATEKVIVS 
OsNramp6      --------------------------MEEGAK------------IGREHEQQQQQHGRVN 
OsNramp4      ---------------------------MEGTG------------EMREVGRETLHGGVVQ 
OsNramp3      ---------------------------------------------MSGPMQRSSQPQFIS 
OsNramp1      ----------------------------------------------MGVTKAE------- 
OsNramp5      ----------------------------------------------MEIERESSERGS-- 

OsNramp2      VSDSDSE-------DG---------------G--GGGGDAMRPAFSWRKLWRFTGPGFLM 
OsNramp7      ISDFPDA-------DDDEEE----------SGLATSTAASGIPPFSWRKLWLFTGPGFLM 
OsNramp6      GSGRVAAVGGGSGGGGDEIEIEVAAAAGASPSRQHGGLHGDVQAPTWKRFLAHVGPGFVI 
OsNramp4      SV---SETDEY---KEKTID------------SEKD--GQFRVQPRWRKFLAHVGPGALV 
OsNramp3      SVERNNQSNGP---GTPLID------------SIDVDQIVIPEKNSWKNLFSYIGPGFLV 
OsNramp1      ------AVAGD---GGKVVD------------DIEALAD-LRKEPAWKRFLSHIGPGFMV 
OsNramp5      ISWRASAAHDQ---DAKKLD--------------ADDQL-LMKEPAWKRFLAHVGPGFMV 
                                                            *:.:  . *** :: 

OsNramp2      CIAFLDPGNLEGDLQAGAAAGYQLLWLLLWATVMGALVQLLSARLGVATGKHLAELCREE 
OsNramp7      SIAFLDPGNLEGDLQAGAVAGDTLLWLLLWATSMGLLVQLLAARVGVATGRHLAELCRDE 
OsNramp6      SIAYLDPSNLQTDLVAGSSHRYSLLWVLLFGFIFVLTVQSLAANLGIITGRHLAELCMGE 
OsNramp4      AIGFLDPSNLETDMQAGADFKYELLWVILVGMVFALLIQTLAANLGVKTGRHLAELCREE 
OsNramp3      SIAYIDPGNFETDLQAGAQYKYELLWIILIASCAALIIQSLAARLGVVTGKHLAEHCRAE 
OsNramp1      CLAYLDPGNMETDLQAGANHKYELLWVILIGLIFALIIQSLSANLGVVTGRHLAELCKTE 
OsNramp5      SLAYLDPGNLETDLQAGANHRYELLWVILIGLIFALIIQSLAANLGVVTGRHLAEICKSE 
              .:.::**.*:: *: **:     ***::* .      :* *:*.:*: **:**** *  * 

OsNramp2      YPPWATRALWAMTELALVGADIQEVIGSAIAIKILSAGTVPLWGGVVITAFDCFIFLFLE 
OsNramp7      YPSWARRALWLMAEVAMVGADIQEVIGSAIAIKILSRGFLPLWAGVVITALDCFIFLSLE 
OsNramp6      YPKYVKYCLWLLAELGVIAATIPGVLGTALAYNMLL--HIPFWAGVLACGACTFLILGLQ 
OsNramp4      YPHYVNIFLWIIAELAVISDDIPEVLGTAFAFNILL--KIPVWAGVILTVFSTLLLLGVQ 
OsNramp3      YPKATNFILWILAELAVVACDIPEVIGTAFALNMLF--KIPVWCGVLITGLSTLMLLLLQ 
OsNramp1      YPVWVKTCLWLLAELAVIASDIPEVIGTGFAFNLLF--HIPVWTGVLIAGSSTLLLLGLQ 
OsNramp5      YPKFVKIFLWLLAELAVIAADIPEVIGTAFAFNILF--HIPVWVGVLITGTSTLLLLGLQ 
              **  .   ** ::*:.::.  *  *:*:.:* ::*    :*.* **:      :::* :: 

OsNramp2      NYGVRKLEAFFGVLIAVMAVSFAIMFGETKPSGKELLIGLVVPKLSSRT-IKQAVGIVGC 
OsNramp7      NYGVRKLEAVFAILIATMAVSFAWMFTDTKPNMKNLFIGILVPKLSSRT-IRQAVGVVGC 
OsNramp6      GYGARKMEFTISVLMLVMATCFFMELGKVNPPAGGVIEGLFIPRPKGDYSTSDAVAMFGS 
OsNramp4      RFGARKLEFIIAAFMFTMAACFFGELSYLRPSAGEVVKGMFVPSLQGKGAAANAIALFGA 
OsNramp3      QYGVRKLEFLIAILVSLIATCFLVELGYSKPNSSEVVRGLFVPELKGNGATGLAISLLGA 
OsNramp1      RYGVRKLEVVVALLVFVMAGCFFVEMSIVKPPVNEVLQGLFIPRLSGPGATGDSIALLGA 
OsNramp5      KYGVRKLEFLISMLVFVMAACFFGELSIVKPPAKEVMKGLFIPRLNGDGATADAIALLGA 
               :*.**:*  .. ::  :* .*   :   .*    :. *:.:*  ..      ::.:.*. 

OsNramp2      IIMPHNVFLHSALVQSRKIDTNKKSRVQEAVFYYNIESILALIVSFFINICVTTVFAKGF 
OsNramp7      VIMPHNVFLHSALVQSRKIDPNKEHQVREALRYYSIESTIALAVSFMINLFVTTVFAKGF 
OsNramp6      LVVPHNLFLHSSLVLTRKMPY-TSKGRKDASTFFLLENALALFIALLVNVAIVSISGTIC 
OsNramp4      IITPYNLFLHSALVLSRKTPR-SDKSIRAACRYFLIECSLAFIVAFLINVSVVVVAGSIC 
OsNramp3      MVMPHNLFLHSALVLSRKVPR-SVHGIKEACRFYMIESAFALTIAFLINISIISVSGAVC 
OsNramp1      LVMPHNLFLHSALVLSRNTPA-SAKGMKDVCRFFLFESGIALFVALLVNIAIISVSGTVC 
OsNramp5      LVMPHNLFLHSALVLSRKTPA-SVRGIKDGCRFFLYESGFALFVALLINIAVVSVSGTAC 
              :: *:*:****:** :*:    .    :    ::  *  :*: :::::*: :  : .    

OsNramp2      Y-------GSEQADGIGLENAGQYLQQKYGTAFFPILYIWAIGLLASGQSSTITGTYAGQ 
OsNramp7      Y-------GTKEAGNIGLENAGQYLQEKFGGGFFPILYIWGIGLLAAGQSSTITGTYAGQ 
OsNramp6      A-NNLSFADTSTCSSLTLNSTYVLLKNILGKS---SSTVYGVALLVSGQSCMVATSYAGQ 
OsNramp4      NANNLSPADANTCGDLTLQSTPLLLRNVLGRS---SSVVYAVALLASGQSTTISCTFAGQ 
OsNramp3      GSDNLSPEDQMNCSDLDLNKASFLLKNVLGNW---SSKLFAVALLASGQSSTITGTYAGQ 
OsNramp1      NATNLSPEDAVKCSDLTLDSSSFLLRNVLGKS---SATVYGVALLASGQSSTITGTYAGQ 
OsNramp5      SSANLSQEDADKCANLSLDTSSFLLKNVLGKS---SAIVYGVALLASGQSSTITGTYAGQ 
                      .   . .: *:.:   *::  *        ::.:.**.:***  :: ::*** 

OsNramp2      FVMGGFLNLRLKKWLRAMITRSFAIIPTMIVALFFDTEDPTMDILNEALNVLQSIQIPFA 
OsNramp7      FIMGGFLNLKLKKWIRSLITRSFAIVPTIIVALFFDKSD-SLDVLNEWLNVLQSIQIPFA 
OsNramp6      YIMQGFSGMR--KCIIYLVAPCFTLLPSLIICSIGGTLRVHR--IINIAAIVLSFVLPFA 
OsNramp4      VIMQGFLDMKMKNWVRNLITRVIAIAPSLIVSIVSGPSGAGK--LIILSSMILSFELPFA 
OsNramp3      YVMQGFLDLRMTPWIRNLLTRSLAILPSLIVSIIGGSSAAGQ--LIIIASMILSFELPFA 
OsNramp1      YVMQGFLDIKMKQWLRNLMTRSIAIVPSLIVSIIGGSSGAGR--LIVIASMILSFELPFA 
OsNramp5      YIMQGFLDIRMRKWLRNLMTRTIAIAPSLIVSIIGGSRGAGR--LIIIASMILSFELPFA 
               :* ** .::    :  :::  ::: *::*:. . .        :     :: *: :*** 

OsNramp2      LIPLITLVSKEQVMGSFVVGPITKVISWIVTVFLMLINGYLILSFYAT--------EVRG 
OsNramp7      LIPLITLVSKEKVMGVFKIGRNTQAVTWTVATLLITINGYLLLDFFSS--------EIRG 
OsNramp6      LIPLIKFSSSCTNIGPYKNATSIIRIAWILSLVIIGINIYFFCTSFVAWLVHSDLPRVVN 
OsNramp4      LIPLLKFCNSSKKVGPLKESIYTVVIAWILSFALIVVNTYFLVWTYVDWLVHNNLPKYAN 
OsNramp3      LVPLLKFTSSRTKMGQHTNSKAISVITWGIGSFIVVINTYFLITSFVKLLLHNGLSTVSQ 
OsNramp1      LIPLLKFSSSSNKMGENKNSIYIVGFSWVLGFVIIGINIYFLSTKLVGWILHNALPTFAN 
OsNramp5      LIPLLKFSSSKSKMGPHKNSIYIIVFSWFLGLLIIGINMYFLSTSFVGWLIHNDLPKYAN 
              *:**:.: ..   :*    .     .:* :   :: :* *::                   

OsNramp2      ALVRSSLCVVLAVYLAFIVYLIMRNTSLYSRLRSAMTKST-------------------- 
OsNramp7      LLSGSILCVAVLAYASFVLYLILRGTELPNQIITTIRKSFS------------------- 
OsNramp6      AIISSLVFPFMAAYIAALIYLAFRKVNLSDPFPTNSVSGEIEVQHIQ----IQEKQEDLG 
OsNramp4      GLISVVVFALMAAYLVAVVYLTFRKDTVATYVPVPERAQAQVEAGGTPVVDASAADEDQP 
OsNramp3      VFSGIFGFLGMLIYMAAILYLVFRKNRKATLPLLE----GDSTVRIVGRDTATEGEGSLG 
OsNramp1      VLIGIVLFPLMLLYVVAVIYLTFRKDTVK-FVSRRELQAGDDTEKAQVATCVA--DEHSK 
OsNramp5      VLVGAAVFPFMLVYIVAVVYLTIRKDSVVTFVADSSLAAVVDAEKADAGDLAV--DDDEP 
               :        :  *   ::** :*                                     

OsNramp2      ---------------------- 
OsNramp7      ---------------------- 
OsNramp6      VHL------------------- 
OsNramp4      APYRKDLADASM---------- 
OsNramp3      HLPREDISSMQLPQQRTASDLD 
OsNramp1      EPPV------------------ 
OsNramp5      LPYRDDLADIPLPR-------- 
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3.2 � Conserved Motif Analysis

The five most conserved motifs in identified NRAMP trans-
porters were searched using MEME tool (Table 3). Motifs 
1, 2 & 3 are 50 amino acid residues long, while motif 4 is 29 
and motif 5 is 41 amino acids long. All the motifs are present 
in all the members of NRAMP transporter except motif 3 
which is absent or is least conserved in OsNRAMP6 protein 
sequence. All motifs are related with NRAMP (PF01566) 
protein family. The presence of these long conserved resi-
dues in all sequences indicates the highly conserved struc-
ture among the rice NRAMP family of transporter proteins. 
The predicted motifs when scanned in the Swissprot (protein 
sequence database) using FIMO most of the top ten hits were 
NRAMP transporters in rice and Arabidopsis. The list of top 
ten hits for each motif sorted by increasing p-value is given 
in online resource Table 1 along with their q-value. The 
p-value of a motif occurrence is the probability of a random 
sequence of the same length as the motif matching that posi-
tion of the sequence. The q-value of a motif occurrence is 
the rate of false discovery if the occurrence is accepted as 

significant. The top 10 hits for motif 2 and 3 also included 
NRAMP like transporters smf-2, smf-1and smf-3 from Cae-
norhabditis elegans. Motif 4 included divalent metal cation 
transporter from Pseudomonas aeruginosa, Xanthomonas 
axonopodis pv. Citri and Clostridium acetobutylicum while 
motif five included Rat NRAMP apart from NRAMP trans-
porters from rice and Arabidopsis.

3.3 � Interaction Partners

Interaction partners of all the 7 members of OsNRAMP 
were predicted using STRING. Potential interaction partners 
with high confidence score (≥ 0.700) for OsNRAMP1, OsN-
RAMP2, OsNRAMP3, OsNRAMP4, OsNRAMP5, OsN-
RAMP6 and OsNRAMP7 were predicted using STRING. 
OsNRAMP1 was predicted to have interaction with puta-
tively expressed tubulin/FtsZ domain containing protein 
(Uniprot entry Q75GI3), expressed protein (Uniprot entry 
Q2QTV2) and Cadmium/Zinc transporting ATPase (Uni-
prot entry Q8H384) with confidence scores 0.713, 0.705 
and 0.704 respectively. OsNRAMP2 was predicted to have 

Table 2   Percent identity matrix of OsNRAMP protein sequences

OsNRAMP 1 OsNRAMP 2 OsNRAMP 3 OsNRAMP 4 OsNRAMP 5 OsNRAMP 6 OsNRAMP7

OsNRAMP 1 100 35.96 58.75 56.40 73.84 51.18 36.34
OsNRAMP 2 100 37.97 36.34 37.14 30.28 68.28
OsNRAMP 3 100 48.97 58.24 43.89 37.70
OsNRAMP 4 100 59.13 45.56 35.44
OsNRAMP 5 100 53.85 37.65
OsNRAMP 6 100 36.34
OsNRAMP 7 100

Fig. 2   Phylogenetic tree (Clad-
ogram) of NRAMP proteins in 
Oryza sativa 

Table 3   Most conserved five motifs of NRAMP in rice detected by using MEME tool

Motif Width Identified site 
no:

E-value Sequence

1 50 7 6.8e−135 QSLSANLGVVTGRBLAELCKTEYPVWVKTCLWLLAELAVIASDIPEVIGT
2 50 7 8.5e−119 PAWKRFLSHIGPGFMVCLAYLDPGNMETDLQAGANBKYELLWVILIGLIF
3 50 6 2.6e−110 SGQSSTITGT​YAG​QYVMQGFLDIKMKQWLRNLMTRSIAIVPSLIVSIIGG
4 29 7 4.3e−071 GALVMPBNLFLHSALVLSRNTPASAKGMK
5 41 7 1.7e−071 PVWTGVLIAGSSTLLLLGLQRYGVRKLEVVVALLVFVMAGC​
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interaction with putatively expressed Metal cation trans-
porter (Zinc transporter) that may mediate zinc uptake from 
the rhizosphere and may be responsible for the translocation 
of zinc within the plant (Uniprot entry A3BI11); putatively 
expressed Pleiotropic drug resistance protein, it may be a 
general defense protein (Uniprot entry Q8GU92); puta-
tively expressed Metal cation transporter (Zinc transporter) 
that may be involved in zinc uptake from the rhizosphere 
(Uniprot entry Q6L8F9); and putatively expressed Cyclin 
dependent kinase G-1 (Uniprot entry Q6K5F8) with con-
fidence scores 0.786, 0.779, 0.737 and 0.716 respectively.

OsNRAMP3 was predicted to have only one interaction 
partner with a confidence score of 0.769, it is a putatively 
expressed unclassified protein which may be involved in the 
transport of nicotianamine chelated metals (Uniprot entry 
Q9FTU1). OsNRAMP4 was predicted to have interaction 
with expressed ZOS12-02-C2H2 Zinc finger protein which 
is a transcriptional activator that regulates the expression 
of genes involved in Al tolerance (Uniprot entry Q2QX40); 
putatively expressed ABC transporter, ATP binding pro-
tein which is required for detoxification of Al in roots and 
can specifically transport UDP- glucose (Uniprot entry 
QOD9V6); putatively expressed ABC transporter, mem-
brane spanning/permease subunit (Uniprot entry Q5W7C1); 
and a hypothetical protein (Uniprot entry Q5VRD) with con-
fidence scores 0.865, 0.864, 0.856 and 0.717 respectively. 
OsNRAMP5 was predicted to have interaction with putative 
Cd/Zn transporting ATPase (Uniprot entry Q8H384) and 
putatively expressed Cyclin dependent Kinase G1 (Uniprot 
entry Q6K5F8) with confidence scores 0.809 and 0.718 
respectively. Interaction partners predicted for OsNRAMP6 
and OsNRAMP7 had confidence scores < 0.700 hence they 
were not taken into consideration. Interactome analysis indi-
cates that OsNramp transporters could be related to Cd/Zn 
transporters and also be involved in Al tolerance.

3.4 � 3D Structure Prediction and Validation 
of NRAMP Family of Transporters

There exists no clear knowledge about the exact structure 
of the OsNRAMP protein, as there is no crystal structure 
data in the protein database. Hence, the protein sequences 
of all the available rice NRAMP family of transporters 
were retrieved and subjected to protein–protein BLAST 
(blastp) to find suitable templates for building their 3D 
structure. All the hits obtained were of either predicted or 
hypothetical protein sequences, which cannot be used for 
homology modelling. And when blasted against PDB Pro-
tein database their sequence identity was < 40%. Due to 
lack of suitable templates, the sequences were modelled via 
I-TASSER (http://zhang​lab.ccmb.med.umich​.edu/I-TASSE​
R/) server and Robetta for comparison using Dali pairwise 
comparison. I-TASSER provides 5 different models for 

each of the protein sequences (OsNRAMP1, OsNRAMP2, 
OsNRAMP3, OsNRAMP4, OsNRAMP5, OsNRAMP6 
and OsNRAMP7). Confidence score is used as a scale for 
estimating the accuracy of predicted models. It ranges from 
− 5 to 2, where a model with high c score signifies high 
confidence and vice versa. The models with the high con-
fidence score and other parameters discussed below were 
selected for the OsNRAMP transporters 3D structures. 
They are OsNRAMP1 (model 3C-score = − 1.5), OsN-
RAMP2 (model 1C-score = 0.34), OsNRAMP3 (model 
2C-score = − 1.17), OsNRAMP4 (model 5C-score = − 2.31), 
OsNRAMP5 (model 4C-score = − 2.50), OsNRAMP6 
(model 2C-score = − 1.98) and OsNRAMP7 (model 
5C-score = − 2.48) (Fig. 3). The stereo chemical property of 
the modelled NRAMP family of transporters was evaluated 
by Ramachandran plot (RAMPAGE) and it shows the per-
centage of amino acids in the favoured region, in the allowed 
region and in the outlier region. These values for the respec-
tive selected transporters are as follows OsNRAMP1 (85.1% 
in favoured region, 11% in allowed region, 3.9% in outlier 
region), OsNRAMP2 (84.5% in favoured region, 10.7% in 
allowed region, 4.8% in outlier region), OsNRAMP3 (81.2% 
in favoured region, 12.8% in allowed region, 6% in outlier 
region), OsNRAMP4 (80.7% in favoured region, 11.6% in 
allowed region, 7.7% in outlier region), OsNRAMP5 (83.6% 
in favoured region, 12.9% in allowed region, 3.5% in outlier 
region), OsNRAMP6 (80.3% in favoured region, 13.3% in 
allowed region, 6.4% in outlier region), OsNRAMP7 (82.9% 
in favoured region, 10.9% in allowed region, 6.1% in outlier 
region) (Online Resource Fig. 2). Similarly Robetta provides 
5 models for each OsNRAMP protein sequences; one among 
them was selected after evaluating the percentage of amino 
acids in the favoured region, in the allowed region and in 
the outlier region using RAMPAGE. They are OsNRAMP1 
(model 3), OsNRAMP2 (model 4), OsNRAMP3 (model 
5), OsNRAMP4 (model 4), OsNRAMP5 (model 2), OsN-
RAMP6 (model 5) and OsNRAMP7 (model 4).

Errat plot estimates the arrangement of different types of 
atoms with respect to each other in protein models (Online 
Resource Fig. 3). Errat is a sensitive technique, hence is 
good for identifying incorrectly-folded regions in prelimi-
nary protein models. ERRAT is ‘‘overall quality factor’’ for 
non-bonded atomic interactions, and higher scores mean 
higher quality. The normally accepted range is > 50 for a 
high quality model [27]. The ERRAT overall quality factor 
for the models predicted using I-TASSER are OsNRAMP1 
(90.588), OsNRAMP2 (92.621), OsNRAMP3 (91.513), 
OsNRAMP4 (87.896), OsNRAMP5 (87.736), OsNRAMP6 
(83.026), OsNRAMP7 (80.488).

ProQ is a neural network based tool that based on a num-
ber of structural features predicts the quality of a protein 
model. ProQ is optimized to find correct models in con-
trast to other methods which are optimized to find native 

http://zhanglab.ccmb.med.umich.edu/I-TASSER/
http://zhanglab.ccmb.med.umich.edu/I-TASSER/
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Fig. 3   3D structure for OsN-
RAMP transporters a OsN-
RAMP1 (Os07g0258400), b 
OsNRAMP2 (Os03g0208500), 
c OsNRAMP3 
(Os06g0676000), d OsN-
RAMP4 (Os02g0131800), e 
OsNRAMP5 (Os07g0257200), f 
OsNRAMP6 (Os01g0503400), 
g OsNRAMP7 (Os12g0581600) 
with their motifs highlighted in 
red (motif 1), cyan (motif 2), 
green (motif 3), blue (motif 4), 
orange (motif 5) predicted using 
I-TASSER
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structures. Different ranges of quality can be predicted based 
on ProQ LG score and MaxSub. LG score > 1.5 indicates 
fairly good quality of the model, LG score > 2.5 indicates 
very good model and LG score > 4 indicates extremely good 
model. Similarly ProQ MaxSub > 0.1 indicates fairly good 
model, MaxSub > 0.5 very good model and MaxSub > 0.8 
extremely good model [36]. The results from the ProQ server 
demonstrates a ProQ LG score and a ProQ MaxSub score 
of the I-TASSER models as OsNRAMP1 (5.705; 0.128), 
OsNRAMP2 (5.214; 0.137), OsNRAMP3 (5.705; 0.147), 
OsNRAMP4 (5.462; 0.131), OsNRAMP5 (5.229; 0.121), 
OsNRAMP6, (6.147; 0.234) OsNRAMP7 (5.807; 0.145). 
The overall results obtained from the above analyses reveal 
that these plausible 3D models of the rice NRAMP family 
of transporters, as shown in Fig. 3 are robust and satisfactory 
for further analysis.

The models predicted using I-TASSER and Robetta were 
structurally compared with each other using Dali pairwise 
comparison and with Protein databank using Dali server. 
Structural conservation was computed within the selected 
I-Tasser and Robetta models of OsNRAMP transporters by 
superposing the models using Dali pairwise comparison. 
Upon Dali pairwise comparison it was found that Robetta 
and I-TASSER models for OsNRAMP showed the following 
Z score, rmsd and number of aligned position (lali); OsN-
RAMP1 (Z score = 48, rmsd = 1.5, lali = 459), OsNRAMP2 
(Z score = 49.3, rmsd = 1.5, lali = 462), OsNRAMP3 
(Z score = 42.8, rmsd = 2.5, lali = 479), OsNRAMP4 
(Z score = 46.2, rmsd = 1.7, lali = 469), OsNRAMP5 
(Z score = 53.5, rmsd = 1.5, lali = 466), OsNRAMP6 
(Z score = 44.7, rmsd = 1.6, lali = 470), OsNRAMP7 (Z 
score = 45.2, rmsd = 2.0, lali = 437) (Online Resource 
Fig. 4). From Dali result it was identified that all the OsN-
RAMP transporters models predicted using I-TASSER share 
structural similarity with crystal structure of Eremococcus 
coleocola manganese transporter (EcoDMT) with PDB 
entry 5 m87 with the following rmsd values OsNRAMP 1 
(0.9), OsNRAMP 2 (0.9), OsNRAMP 3 (1.0), OsNRAMP 
4 (0.7), OsNRAMP 5 (0.5), OsNRAMP 6 (0.7) and OsN-
RAMP 7 (1.7). To show their structural similarity they were 
superposed as shown in Online Resource Fig. 5. List of first 
10 proteins for each of the 7 OsNRAMP I-TASSER models 
with high structural similarity has been included in Online 
Resource Fig. 6 (with Z scores over 2). OsNRAMP models 
predicted using Robetta for OsNRAMP2, 4, 5 and 6 also 
showed top most similarity to EcoDMT with PDB entry 
5M87 with rmsd values 1.3, 1.5, 1.1 and 1.3; except for 
models of OsNRAMP1, 3 and 7. Robetta models for OsN-
RAMP1and 3 showed top most similarity to crystal struc-
ture of E. coleocola manganese transporter mutant E129Q 
with PDB entry 5M8K with rmsd values 1.3 and 1.2. While 
OsNRAMP7 showed top most similarity to crystal structure 
of E. coleocola manganese transporter mutant H236A with 

PDB entry 5M8J with rmsd value 1.4. To show their struc-
tural similarity they were superposed as shown in Online 
Resource Fig. 7. List of first 10 proteins for each of the 7 
OsNRAMP Robetta models with high structural similarity 
has been included in Online Resource Fig. 8.

3.5 � Gene Expression Analysis

Tissue/Organ-specific expression levels of the 7 OsNRAMP 
transporters under normal growth conditions in the field 
were obtained from the RiceXpro database (http://ricex​
pro.dna.affrc​.go.jp/). The data was obtained as OsNRAMP 
expression level in different tissues of rice plant which was 
retrieved as a heat map using CIMMiner (Fig. 4). In silico 
gene expression analysis revealed that all the OsNRAMP 
genes are expressed in various tissues/organs throughout 
the plant life. OsNRAMP3 has a uniform expression pat-
tern in almost all the tissues and organs of rice. OsNRAMP6 
showed no significant transcript expression in various tis-
sues of the plant throughout its entire growth in the field. 
Expression of OsNRAMP2, 3 and 7 seems to be higher 
in comparison to the remaining OsNRAMP transporters. 
Expression studies in normal plant tissue have indicated 
that the expression of OsNRAMP1 in roots is more than in 
leaves and OsNRAMP2, 3 is more in leaves than roots [37], 
a similar observation has been made in this in silico gene 
expression analysis. Expression of OsNRAMP genes in the 
root vegetative state probably indicates their involvement 
in metal nutrient uptake from the soil. Further study will 
be required to identify the roles of all the members of OsN-
RAMP transporter during the vegetative state in the root.

4 � Discussion

We report bioinformatics analysis of all 7 OsNRAMP 
transporters identified in rice plant. This study has given 
us a deeper insight of their physiochemical and molecular 
characteristics. Their localisation on plasma membrane indi-
cates that they might function in transmembrane transport of 
metal ions. Also their poor water solubility predicted from 
the hydropathy plots confirms that they are membrane local-
ised proteins. GQSSTITGT​YAG​QY(/F)V(/I)MQGFLD(/
E/N) is the consensus transport motif (CTM) commonly 
present among NRAMP proteins. It is highly conserved in 
the OsNRAMP1, 2, 3, 5 and 7 and is partially conserved 
in other members of OsNRAMP family of transporter pro-
teins. It is least conserved in OsNRAMP6 protein sequence. 
DPGN is the signature sequence of NRAMP transporter 
family [2] and mutation in these residues causes impairment 
of the transporter function [38, 39]. In OsNRAMP protein 
sequences it is present in motif 2. In bacterial NRAMP trans-
porters DPGN motif has been identified to act as a binding 

http://ricexpro.dna.affrc.go.jp/
http://ricexpro.dna.affrc.go.jp/
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pocket in which these amino acid residues coordinate with 
divalent metal ions. Hence this motif in OsNRAMP trans-
porters could also play a role in metal binding.

We also report plausible 3D structure models for all the 
seven OsNRAMP transporters retrieved using I-TASSER 
and Robetta. All the highlighted motifs on their I-TASSER 
predicted structures show similarity in their location indicat-
ing that the models are robust. After the structure assembly 
simulation, I-TASSER uses the TM-align structural align-
ment program to match I-TASSER model to all structures 
in the PDB library and reports the top ten proteins from the 
PDB that have the closest structural similarity, i.e. the high-
est TM-score, to the predicted I-TASSER model. Due to the 
structural similarity, these proteins often have similar func-
tion to the target. All the seven OsNRAMP transporter mod-
els predicted using both the tools have structural similarity 
with crystal structure of E. coleocola manganese transporter 

(EcoDMT) which has been recently determined [40]. It is 
511 amino acids long protein with 12 transmembrane helixes 
and is involved in Mn2+ transport. Dali server results also 
indicate that the models are structurally similar to crystal 
structure of EcoDMT. It can be seen from the number of 
matched positions (lali) in Online Resource Figs. 6 and 8 
that most matches are almost covering the query sequence. 
The Dali pairwise comparison of the models predicted using 
Robetta and I-TASSER have rmsd < 3 indicating that they 
are closely homologous protein structures.

OsNRAMP interactome analysis indicates that these 
transporters could be related to Cd/Zn transporters and 
also be involved in Al tolerance. In reality, a cell is a 
dynamic structure hence a single molecule can interact in a 
different manner with several other molecules in coordina-
tion with various internal and external stimuli. Validation 
of all the models by RAMPAGE, Errat and ProQ; study 

Fig. 4   Heat map showing differential expression profile of rice 
OsNRAMP genes OsNRAMP1 (Os07g0258400), OsNRAMP2 
(Os03g0208500), OsNRAMP3 (Os06g0676000), OsNRAMP4 
(Os02g0131800), OsNRAMP5 (Os07g0257200), OsNRAMP6 
(Os01g0503400), OsNRAMP7 (Os12g0581600) in various tissues. 
Red indicates higher levels and green indicates lower levels of tran-

script accumulation. Each column represents the average of three bio-
logical replicates. Root veg root vegetative, Root rep root reproduc-
tive, LS veg leaf sheet vegetative, LS rep leaf sheet reproductive, Stem 
rep stem reproductive, LB rep leaf blade reproductive, Stem ripe stem 
ripening, LB veg leaf blade vegetative, LB ripe leaf blade ripening
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shows their possible reliability as well as acceptance as 
good quality predicted models.

Eventually, expression profile through microarray result 
in root shows the prospect of NRAMP family of trans-
porters in metal uptake from soil and their corresponding 
expression patterns throughout the plant. The results pre-
sented here is the detailed study to understand the NRAMP 
family of transporters in rice using an in silico approach. 
NRAMP family of transporters are proton coupled metal 
ion transporters. Till now the exact mechanism of these 
proton coupled transporters are not thoroughly understood 
though they are abundantly present in both prokaryotes 
and eukaryotes [40]. Thus understanding their structure 
would help us in identifying the accurate region or resi-
dues involved in metal binding and transport. With further 
studies, like simulation and other biological experiments 
involving yeast mutants and gene knockout plants, it would 
be useful to understand the transporter functioning mecha-
nism associated with metal ion transport in rice plant and 
also help predict the metal ions that are transported by the 
transporter whose substrate specificity has not yet been 
studied.
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