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The Nramp1/Slc11a1 locus encodes a proton-coupled divalent cation transporter, expressed in late endosomes/
lysosomes of macrophages, that constitutes a component of the innate immune response to combat intracellular
pathogens and it was shown to play an important role in regulating inherent immunity. The previously identified Z-
DNA forming polymorphic repeat(GT)n in the promoter region of the human Nramp1 gene does act as a functional
polymorphism influencing gene expression. Research has shown that INF-g, TNF-a, IL-1b and bacteria LPS
increase the level of Nramp1 expression. However, the molecular mechanism for Nramp1 gene regulation is unclear.
In this research, bovine Nramp1 5?-flanking region (�1748��769) was cloned and analyzed by bioinformatics.
Then to find the core promoter and the cis-acting elements, deletion analysis of promoter was performed using a set
of luciferase reporter gene constructs containing successive deletions of the bovine Nramp1 5?-flanking regions.
Promoter activity analysis by the dual luciferase reporter assay system showed that the core promoter of Nramp1 was
located at �58��89 bp. Some positive regulatory elements are located at �89��205 bp and �278��1495
bp. And the repressor elements were in region �205��278 bp, intron1 and �1495��1748 bp. LPS-responsive
regions were located at �1495��1748 bp and �278��205 bp. The present study provides an initial effort to
explore the molecular mechanism of transcriptional activation of the bovine Nramp1 gene and should facilitate
further studies to decode the complex regulatory process and for molecular breeding for disease resistance in bovines.
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Introduction

Nramp1 (natural resistance associated macrophage

protein 1), which is part of a small gene family with

two members, Nramp1 and Nramp2, in animals (Vidal

et al. 1995; Gruenheid et al. 1995), encodes a proton-

coupled divalent cation transporter. Nramp1 expresses

in the late endosomes/lysosomes of macrophages

(Blackwell et al. 1994). The protein is an integral

membrane protein which is highly hydrophobic with

predicted molecular mass 60 kDa, including 12 puta-

tive transmembrane (TM) domains and a glycosylated

extra cellular loop (Barton et al. 1994). In murine,

Nramp1 was identified as one of the major factors

controlling early phases of natural resistance to

Mycobacterium bovis (Goto et al. 1984), Salmonella

typhimurium (Lissner et al. 1983) and Leishmania

donovani (Crocker et al. 1984). However, the mechan-

ism of the antibacterial activity of Nramp1 is unclear.

So far, the murine Nramp1 promoter has been

characterized. The promoter is TATA box-deficient

(Smale 1994) but with more than two initiator elements

(Govoni et al. 1995). It has a non-canonical E box

(CAACTG) which inhibits the basal promoter activity

in the proliferating cells. The transcription factors

termed Myc interacting with zinc finger protein 1

(Miz-1), interferon regulatory factor-8 (IRF-8) and

PU.1 synergistically activate Nramp1 only in immune

cells (Xiong et al. 2005). In bovine, Nramp1 is

expressed primarily in macrophages, lung and spleen

(Feng et al. 1996). Bovine Nramp1 has been identified

as one of the major candidate genes for controlling

natural resistance and susceptibility to bovine brucel-

losis (Feng et al. 1996) and mastitis (Barthel et al. 2001;

Joo et al. 2003). For example, water buffalo susceptible

to B. abortus infection displayed a significantly lower

basal level of Nramp1 mRNA than the resistant ones

(Goto et al. 1984; Capparelli et al. 2007). Barthel et al.

(2001) demonstrated that the 5?-flanking region (2138

bp) of bovine Nramp1 has a functional promoter

capability. To understand the molecular mechanisms

of bovine Nramp1 gene expression and regulation, it is

necessary to characterize its specific genetic regulatory

regions. In present study, the bovine Nramp1 5?-
flanking region (�1748��769) was cloned and

analyzed by bioinformatics. Then to find the core

promoter and the cis-acting elements, deletion analysis
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of promoter was performed. The regions’ responses to

LPS which mimic the pathogen agent were also

detected.

1. Materials and methods

1.1. Amplification and sequencing of bovine Nramp1 5?-
flanking region

According to the bovine Nramp1 gene sequence

(GenBank Acession No. NC007300), the bovine

Nramp1 5?-flanking region (�1748��769 bp) was

amplified with the primers (Nr1S: 5?-AAACCATCA-

CAGCCTCCTACC-3? and Nr1A: 5?-CTCCAGCGT
TCTCACCGATT-3?) using the bovine genomic DNA

as the template. PCR products were identified with 1%

agarose gel electrophoresis and cloned into pEASY�T3

vector (the recombinant one named pEASY-T3/2517)

for sequencing.

1.2. Bioinformatic analysis of bovine Nramp1 5?-
flanking region

To analyze the bovine Nramp1 5?-flanking region,

homology comparison was done among human,

pig, mouse and bovine genes using DNAStar software.

The TATA box was predicted using the website

http://l25.itba.mi.cnr.it/�webgene/wwwHC_tata.html
and the CpG islands with http://www.urogene.org/

methprimer/index1.html and http://zeus2.itb.cnr.it/

cgi-bin/wwwcpg.pl?page�ex. The transcription factor

binding sites were predicted with Signal Scan (http://

www-bimas.cit.nih.gov/molbio/signal/) and MatInspec-

tor professional 7.2.2 (http://www.genomatix.de). The

repeated elements were calculated using RepeatMas-

ker(http://www.repeatmasker.org/).

1.3. Construction of a set of luciferase reporter gene
constructs containing successive deletions of the bovine
Nramp1 5?-flanking region

According to the bioinformatical analysis of bovine
Nramp1 5?-flanking region, we amplified the part 5?-
flanking sequences using the template pEASY-T3/2517

with eight pairs of primers (Table 1). Then we

constructed eight recombinant pGL3-Basic vectors

(according to the location, named p�1748/�769,

p�1748/�58, p�1495/�58, p�797/�58, p�278/

�58, pGL3�205/�58, p�89/�58 and p�59/

�769, repectively) with successive deletions of the
bovine Nramp1 5?-flanking region. The recombinant

vectors include luciferase as the reporter gene. Then the

recombinant vectors were identified by PCR, double

digestions and sequencing.

1.4. Transient transfection

Raw264.7 cells were maintained in RPMI 1640 medium

supplemented with 10% FBS (PAA) at 378C in a humid
atmosphere containing 5% CO2. Cells were plated the

day prior to transfection in 48-well plates at 2�105

cells per well. The plasmids for transfection were

purified using an endotoxin-free plasmid purification

kit (QIAGEN). The cells were transfected with 0.2 mg

of p�1748/�769, p�1748/�58, p�1495/�58,

p�797/�58, p�278/�58, pGL3�205/�58, p�89/

�58, p�59/�769 and pGL3-Basic (promoter-less, as
the negative control) vectors separately using Lipofec-

tamineTM2000 according to the manufacturer’s pro-

tocol. And the pRL-TK vector, containing the renilla

luciferase gene, was co-transfected as an internal

control. The luciferase activity was assayed with

Dual-Luciferase† Reporter Assay System (Promega)

and GloMaxTM 20/20 Luminometer according to the

assay protocol at 36 h post-transfection. All analyses
were conducted in triplicate.

1.5. The induction effects of LPS on different region of
bovine Nramp1 promoter

We first optimized the LPS-treated concentrations with

104 ng/mL, 103 ng/mL, 102 ng/mL, 10 ng/mL and 0 ng/

mL at 6 h post-transfection of p�1748/�58 into

Raw264.7 cells. The luciferase activity was assayed with

the Dual-Luciferase† Reporter Assay System (Prome-
ga) and GloMaxTM 20/20 Luminometer according to

the assay protocol 36 hours post-transfection. Then, we

transfected the above eight plasmids and pGL3-Basic

vector into Raw264.7 cells, separately. The luciferase

activity was assayed at 36 hours post-transfection.

1.6. Statistical analysis

Data are presented as means9 SE. Differences be-

tween data sets were examined using one-way ANOVA
and LSD’s multiple comparisons using SPSS 12.0

software (SPSS Inc., USA). A P value B 0.05 is

considered as a statistically significant difference.

2. Results

2.1. Amplification and sequencing of bovine Nramp1 5?-
flanking region

Bovine Nramp1 5?-flanking regions (�1748��769

bp) were amplified by PCR using the aforementioned
primers and programs. The products were identified on

1% agarose gel (Figure 1). As anticipated, PCR

products of the pEASY-T3/2517 vector displayed a

band around 2500 bp. Homology analysis showed that
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the sequence is consistent with the bovine Nramp1

sequence published in Genbank with 99% homology.

2.2. Sequence analysis of 5?-flanking region of bovine
Nramp1

The analysis of the 2517 bp fragment indicated that

there was no canonical TATA box. Comparative

sequence alignment across species showed that the

proximal promoter region was conserved, whereas

the distal promoter region was divergent. Enrichment

in GC dinucleotides (66%) was observed in the

proximal promoter region (�90��50 bp). Two

CpG islands (�580��460 bp and �132��111

bp), two short interspersed nuclear elements

(�951��757 bp and �609��495 bp) and one

DNA repetitive element (�1155��855 bp) in the 5?-
flanking region of bovine Nramp1 were also found. Of

particular interest is that several well-documented

transcription factor consensus motifs are precisely

conserved across species in the region immediately

upstream of the Nramp1 exon 1, including binding sites

for IRE-1, NF-IL/6, PU.1, SP1 and c-Myb. Multiple

binding sites for AP1, GR and IRE-2 were also found.

2.3. Amplification of part deleted bovine Nramp1 5?-
flanking region

Amplification of the part deleted 5?-flanking region of

bovine Nramp1 using the template pEASY-T3/2517

with eight pairs of primers (Table 1) showed antici-

pated bands separately (Figure 2). The sizes of target

Table 1. Information of the primers, restriction enzyme sites for PCR.

Vector name Primer sequence Sites (underlined)

p�1748/�769 Sense: 5?CGCGGTACCAAACCATCACAGCCTCCTACC3? KpnI

Anti: 5?CGCACGCGTCTCCAGCGTTCTCACCGATT3? MluI

p�1748/�58 Sense: 5?CGCGGTACCAAACCATCACAGCCTCCTACC3? KpnI

Anti: 5?CGCACGCGTGGGCACTCTCTGTGCGAGT3? MluI

p�1495/�58 Sense: 5?CGCGGTACCGGGTTCCAAGCTTTGGCTC3? KpnI

Anti: 5?CGC AAGCTTGGGCACTCTCTGTGCGAGT3? HindIII

p�797/�58 Sense: 5?CGCGGTACCCGTCCATGAGGTCGCAAGT3? KpnI

Anti: 5?CGC AAGCTTGGGCACTCTCTGTGCGAGT3? HindIII

p�278/�58 Sense: 5?CGCGGTACCAGACATGCATGCCCAAGTG3? KpnI

Anti: 5?CGC AAGCTTGGGCACTCTCTGTGCGAGT3? HindIII

p�205/�58 Sense: 5?CGCGGTACCGCCTGGAAGGGAGCCAGA3? KpnI

Anti: 5?CGC AAGCTTGGGCACTCTCTGTGCGAGT3? HindIII

p�89/�58 Sense: 5?CGCGGTACCTTCACAACGTGCCTGCGT3? KpnI

Anti: 5?CGC AAGCTTGGGCACTCTCTGTGCGAGT3? HindIII

p�59/�769 Sense: 5?CGCGGTACCGAGCCTGCGGTCCTCATGT3? KpnI

Anti: 5?CGCACGCGTCTCCAGCGTTCTCACCGATT3? MluI

M1

1000 bp

750 bp

500  bp

250  bp

100  bp

2000 bp

Figure 1. PCR results of bovine Nramp1 5?-flanking region.

1, products of bovine Nramp1 gene (2517 bp); M, DNA

marker.

M 1 2 3 4 5 6 7 8

2000 bp
1000 bp
750 bp
500 bp
250 bp
100 bp

Figure 2. Amplified fragments of different length of bovine

Nramp1 5?-flanking region. M, DL 2000 DNA marker; 1�8,

PCR product using primers for p �89/�58 (147 bp),

p �205/�58 (263 bp), p �278/�58 (336 bp), p�59/

�769 (710 bp), p �797/�58 (855 bp), p �1495/�58

(1153 bp), p �1748/�58 (1806 bp) and p �1748/�769

(2517 bp).
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regions inserted into the constructs p�89/�58,

p�205/�58, p�278/�58, p�59/�769, p�797/

�58, p�1495/�58, p�1748/�58 and p�1748/

�769 were 147 bp, 263 bp, 336 bp, 710 bp, 855 bp,

1153 bp, 1806 bp and 2517 bp, separately. Then PCR,

double restriction enzyme digestions (Figure 3) and

sequencing showed that we got the recombinant

vectors correctly.

2.4. Promoter activity of the different 5?-flanking region
of bovine Nramp1

For detection of the promoter activity, as shown in

Figure 4, the luciferase activities were detected in the

transfected Raw264.7 cells with p�1748/�769,

p�1748/�58, p�1495/�58, p�797/�58, p�278/
�58, p�205/�58, p�89/�58, p�59/�769 and

pGL3-Basic normalized by the renilla luciferase activity

in pRL-TK transfected cells. The core promoter of

Nramp1 was located at �58��89 bp because there

was a noticeable rise in the level of luciferase activity

driven by the deletion mutant p�89/�58 compared

with that of the pGL3-Basic vector (PB0.05). Deletion

of �1495��278 bp, and �205��89 bp resulted in

a significant decrease in the promoter activity

(PB0.05), indicating that some positive regulatory

elements are located at �89��205 bp and

�278��1495 bp. When we extended the region to

�1748 bp, the promoter activity decreased significantly

(PB0.05). Additional truncations p�278/�58 and

p�1748/�769 also showed significant decreases of

the promoter activity. These results implied that the

repressor elements were in the region �205��278 bp,

intron1 (�81��620 bp) and �1495��1748 bp.

Taken together, these results showed that the basal

promoter activity was controlled by both negative

regulatory regions and positive regulatory regions in

mammary cells.

M 1 2 3 4 5 6  7 8  9 10  11  12 13 14 15  16

2000 bp
1000 bp

750 bp
500 bp

250 bp
100 bp

Figure 3. Identification of the constructed plasmids by restriction enzyme digestions and PCR. M, DL 2000 DNA marker; 1�8,

restriction enzyme digestion products of the p �89/�58, p �205/�58, p �278/�58, p�59/�769, p �797/�58, p �1495/

�58, p �1748/�58 and p �1748/�769 plasmids. The band sizes were around 147 bp, 263 bp, 336 bp, 710 bp, 855 bp, 1153 bp,

1806 bp and 2517 bp, respectively; 9�16, PCR products of the above plasmids. The PCR product sizes were correct.
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Figure 4. Deletion analysis of promoter activity of the bovine Nramp1 5?-flanking region in the Raw264.7 cells. The reporter gene

constructs containing different lengths of bovine Nramp1 5?-flanking region, and the pGL3-basic vectors were transfected into the

cells. The luciferase activity present in cell lysates was measured 36 h after transfection, and the firefly luciferase activity was

corrected for renilla luciferase activity from the pRL-TK plasmid. The luciferase activation in the p �205/�58 transfected cells

is about 2-fold that of the p �89/�58 level and the p �278/�58 level, while the p �1495/�58 cells show the strongest activity

(3.4-fold that of the p �278/�58). Data represent means9SE of three independent experiments performed in triplicate. Analysis

of variance was performed and only significant variations are indicated by * (PB0.05).
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2.5. Deletion analysis of the 5?-flanking region of bovine
Nramp1 gene under LPS induction in Raw264.7 cells

In order to determine whether the constitutively func-

tional lactoferrin promoter could be induced by LPS

exposure, the cells transfected with p�1748/�58 were

stimulated with different doses of LPS. As shown in

Figure 5, after 36 h of LPS treatment, luciferase

production was significantly increased up to 3.4-fold

(at a dose of 103 ng/mL, PB0.05) in a dose-dependent

pattern, indicating that isolated promoter activity can be

induced by LPS. The exact locations of the LPS-

responsive regions were next screened by detection of

the activity of luciferase driven by the deletion mutants.

The results showed that the activities of luciferase driven

by p�1748/�58 and p�278/�58 increased signifi-

cantly after LPS induction, which implies that the LPS-

responsive regions were located at �1495��1748 bp

and at �278��205 bp (Figure 6).

3. Discussion

The Nramp1 gene has been identified as one of the

major candidate genes for controlling natural resis-

tance and susceptibility to intracellular pathogens and

autoimmune diseases in human, mouse, bovine and pig

(Vidal et al. 1993; Cellier et al. 1994; Feng et al. 1996).

The primary function of the molecule is to transport

divalent cations including Fe2�, Zn2�, and Mn2�

(Goswami et al. 2001), but there is continuing con-

troversy regarding the mechanism of the antibacterial

activity of Nramp1. Some data support an iron starva-

tion activity of Nramp1 (Jabado et al. 2000), whereas

others indicate fenton chemistry-mediated killing with-

in the lumen of the phagosome, catalyzed by Nramp1-

transported iron (Zwilling et al. 1999). Which of the

many pleiotropic effects of Nramp1 is important in

determining disease susceptibility in animals is un-

known.

The molecular mechanism of Nramp1 gene expres-

sion and regulation has been studied during recent

years. The 5?(GT)n human Nramp1 promoter region

polymorphism, which affects protein expression, plays

an important role in disease susceptibility (Searle and

Blackwell 1999). Promoter analysis showed that some

mutations enhanced the activity of human Nramp1

promoter (Donninger et al. 2004). Govoni et al. (1995)

identified the transcription start sites and analyzed the

promoter region of murine Nramp1. They found that

there are several transcription start sites including the

major one and two minor ones which were in agree-

ment with the apparent lack of classical TATA or

CAAT elements. In addition, cis-acting sequence mo-

tifs, such as the binding sites of transcription factors

PU.1, GM-CSF, g-IRE, NF-IL6 (Govoni et al. 1995),

which were associated with the expression in the

macrophage and response to induction by the differ-

entiating agents specific to this lineage, were found

either immediately upstream of the major transcription

start site or within exon1 or intron1. The binding sites

of IRE-1, NF-kB and GM-CSF were found in the

�2138 bp of bovine Nramp1 which had no consensus

TATA or CAAT boxes but performed weak promoter

activity (Barthel et al. 2001). TATA box-deficient
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Figure 6. Deletion analysis of the 5?-flanking region of

bovine Nramp1 gene under LPS induction in Raw264.7 cells.

Firefly luciferase activity was detected in Raw264.7 cells

transfected with deletion constructs or the pGL3-Basic vector

and treated with or without LPS (1000 ng/ml) for 36 h.

Luciferase activity was normalized to that of renilla luciferase

produced by co-transfected pGL-Basic. The luciferase activ-

ity in the p �278/�58 and p �1475/�58 increased 1.78

and 1.58-fold separately under the LPS induction. The data

points shown are the means9SE of the two independent

experiments performed in triplicate and only significant

variations are indicated by * (P B0.05).
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Figure 5. Dose-dependent induction of the bovine Nramp1

promoter by LPS. Firefly luciferase activity was detected in

Raw264.7 cells that had been transfected with p �1748/�58

and then stimulated with different doses of LPS for 36 h.

Firefly luciferase activity was normalized to that of renilla

luciferase. The luciferase activity was increased up to 3.4-fold

with 1000 ng/ml LPS treatment compared to the control. The

values shown represent the means9SE. Analysis of variance

was performed and only significant variations are indicated

by * (PB0.05).

Animal Cells and Systems 231



promoters represent a class of promoter that is poorly

characterized, and it is unclear how bound factors

communicate with or initiate the formation of the

preinitiation transcriptional complex. A large number

of genes expressed within the terminally differentiated

macrophage have a promoter topology that resembles

that of Nramp1: TATA box-deficient and containing an

initiator element(s) and a consensus SP1-binding site(s)

(Greaves and Gordon 2002). Therefore, Nramp1 is a

suitable model for the study of many macrophage-

expressed genes and the initiator promoters in general.

In our experiment, we constructed the recombinant

eukaryotic expression plasmids by the successive dele-

tion of bovine Nramp1 promoters and expressed the

firefly luciferase in Raw264.7 cells effectively. We found

that the bovine Nramp1 5?-flanking region

(�1748��769) has promoter activity. Promoter

activity analysis by the dual luciferase reporter assay

system showed that the core promoter of Nramp1 was

located at �58��89 bp. Some positive regulatory

elements are located at �89��205 bp and

�278��1495 bp. And the repressor elements were

in region �205��278 bp, intron1 (�81��620 bp)

and �1495��1748 bp. LPS-responsive regions were

located at �1495��1748 bp and �278��205 bp.

The results presented here extended the previous

observations on the characterization of the bovine

Nramp1 promoter.

We finished the sequence analysis of the 5?-flanking

region of bovine Nramp1 using bioinformatics meth-

ods. Some putative binding sites of transcription

factors were found, such as SP1, IRE�1, GM-CSF

and PU.1. It is thought that SP1 participates in the

recruitment of the general transcription machinery to

the TATA-less promoters (Pugh and Tjian 1990). And

SP1/GC elements might play an important role in the

basal activity of bovine lactoferrin promoter, which is

also TATA-less (Zheng et al. 2005). Whether the SP1

elements that were found in the promoter region play

an important role in the bovine Namp1 promoter

activity, and which part of the introns and which

elements take part in the regulation of the gene need

further investigation. It would be of particular interest

to identify the putative transcription factors that may

bind with the elements and the exact roles they play in

gene expression.
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