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ABSTRACT

Background: Murine Nramp is a candidate for the
macrophage resistance gene Ity/Lsh/Bcg. Sequence
analysis of human NRAMP was undertaken to deter-
mine its role in man.

Materials and Methods: A yeast artificial chromo-
some carrying NRAMP was subcloned and positive
clones sequenced. The transcriptional start site was
mapped using 5 RACE PCR. Polymorphic variants
were amplified by PCR. Linkage analysis was used to
map NRAMP.

Results: NRAMP spans 12kb and has 15 exons encod-
ing a 550 amino acid protein showing 85% identity
(92 % similarity) with Nramp. Two conserved PKC sites
occur in exon 2 encoding the Pro/Ser rich SH3 binding
domain, and in exon 3. Striking sequence similarities
(57 and 53 %) were observed with yeast mitochondrial
proteins, SMF1 and SMF2, especially within putative
functional domains: exon 6 encoding the second trans-
membrane spanning domain, site of the murine sus-

ceptibility mutation; and exon 11 encoding a con-
served transport motif. No mutations comparable to
the murine susceptibility mutation were found. The
transcriptional initiation site mapped 148 bp 5’ of the
translational initiation codon. 440bp of 5’ flanking
sequence contained putative promoter region ele-
ments: 6 interferon-y response elements, 3 W-ele-
ments, 3 NF«B binding sites and 1 AP-1 site. Nine
purine-rich GGAA core motifs for the myeloid-specific
PU.1 transcription factor were identified, two combin-
ing with imperfect AP1-like sites to create PEA3 mo-
tifs. TATA, GC and CCAAT boxes were absent. A pos-
sible enhancer element containing the Z-DNA forming
dinucleotide repeat t(gt),ac(gt),ac(gt),g was polymor-
phic (4 alleles; n=4,9,10,11), and was used to map
NRAMP to 2q35.

Conclusions: This analysis provides important re-
sources to study the role of NRAMP in human disease.

INTRODUCTION

The gene encoding the natural resistance-associ-
ated macrophage protein, Nramp, was identified
as a candidate for the murine macrophage resis-
tance gene Ity/Lsh/Bcg based (a) on its macro-
phage-restricted expression and (b) on the pres-
ence of a common mutation in all susceptible
mouse strains (1,2). The deduced amino acid
sequence encodes a polytopic integral membrane
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protein, with structural features common to pro-
karyotic and eukaryotic transporters, and a 20
amino acid consensus sequence showing identity
with a conserved binding protein-dependent
transport motif of a non-ATP binding class of
membrane transporter molecules. The original
murine pre-B cell-derived cDNA (1) was recently
shown to lack sequence from exons 1 and 2 (3).
Exon 2 may be of particular importance in reg-
ulating Nramp function since it encodes a pro-
line/serine rich domain typical of SH3 binding
domains found in signaling/cytoskeletal mole-
cules, and used in assembly of the phagocyte
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NADPH oxidase complex (4). Exons 1, 2, and 3
also introduce three additional protein kinase C
(PKC) phosphorylation sites (3).

In mice, Ity/Lsh/Bcg regulates the activation
of macrophages for nitric oxide (NO)-mediated
antimicrobial activity against intracellular patho-
gens, and exerts a range of pleiotropic effects in
vitro (reviewed in 5-10) including regulation of
the following: KC, IL-18 and inducible NO syn-
thase (iNOS) mRNA; surface MHC class II, 5’
nucleotidase and AcM.1 antigen expression; and
TNFa release, oxidative burst, and tumouricidal
activity. In vivo, the gene has a dramatic effect
(reviewed in Ref. 5) on early T cell-independent
regulation of Salmonella typhimurium, Leishmania
donovani, and mycobacterial infections (Mycobac-
terium bovis; M. lepraemurium; and M. intracellu-
lare), as well as on the later development of an
interferon-y generating CD4-positive T cell re-
sponse (11). These in vivo effects presumably
reflect synergy between the many pleiotropic ef-
fects of the gene on macrophage function.
Hence, although human macrophages do not ap-
pear to use iNOS-generated NO for antimicrobial
activity (12), a human homolog (NRAMP) for
murine Nramp might nevertheless play a role in
regulating macrophage priming/activation and
hence be important in any disease involving de-
fective macrophage function. To facilitate the
search for human disease associations with
NRAMP, this paper presents an analysis of the
sequence and genomic organization of the hu-
man NRAMP gene and includes identification of
a promoter region polymorphism which might
be important in regulating NRAMP expression.

MATERIALS AND METHODS
Genomic Sequencing of NRAMP

A human vyeast artificial chromosome (YAC)
AM11/D3/14, obtained by screening the ICRF
(13) library with a VIL1 probe (14) and contain-
ing the entire human NRAMP sequence (15),
was sublconed into AEMBL3 (Stratagene Ltd.,
Cambridge, U.K.) and screened with the full-
length murine Nramp cDNA A8.1 (3). Two over-
lapping clones, A3 and AB.1, containing the full-
length NRAMP sequence, were digested with
PstI, sublconed into pBluescript II SK (Stratagene
Ltd.), and re-screened with the full-length mu-
rine cDNA probe (3). Exon-positive clones were
selected for sequence analysis, with gaps being

filled by sequencing fragments prepared by PCR
between identified exons. Exons were identified
by comparison of human genomic sequence with
mouse (1,3) or human cDNA sequences. Human
cDNA sequence was obtained by reverse tran-
scription (RT) and PCR amplification of RNA pre-
pared from the human monocyte-derived THP1
cell line (16). Where appropriate, PCR products
were cloned into the pCR vector (Invitrogen
Corp., Abingdon, U.K.) for sequence analysis
from at least two independent clones. Clones
corresponding to the 3’ region were not origi-
nally isolated by screening with the murine
c¢DNA. A fragment was generated by 3’ rapid
amplification of cDNA ends (RACE) (17) from
polydT adaptor primed THP1 cDNA. cDNA was
amplified using the adaptor primer in combina-
tion with two nested primers selected from exon
13 (GTGCTGCCCATCCTCACG; GAGTTTGCCAA
TGGCCTG). A suitable genomic clone was pre-
pared by amplification of a fragment from both
A3 and the YAC AMI11/D3/14 using exon 13
primers and a primer (GGACGAGAAGGGAACT
AG) designed from the 3’ end of the RACE prod-
uct. The 5’ end of the RNA was mapped by 5’
RACE involving RNA ligase-dependent ligation
of a blocked anchor primer to the 3’ end of
random hexamer primed reverse transcribed
THP1 RNA. Amplification using an anchor
primer and two NRAMP-specific nested anti-
sense primers (AAGAAGGTGTCCACAATGGTG,
CGGTTTTGTGTCTGGGAT) vyielded a single
NRAMP product. The product was TA cloned,
and three clones were subjected to sequence
analysis to determine the transcriptional initia-
tion site and sequence of the most proximal exon
that failed to hybridize to any mouse cDNA
probe. This facilitated further analysis of the 5’
flanking region, the sequence for which was
obtained from a 1.6 kb PstI fragment that con-
tained sequence homologous to the 5’ RACE
product.

Analysis of Sequence Data

Nucleotide and amino acid sequence compari-
sons were made using the BESTFIT program on-
line to the CRC Resource Center, U.K. Amino
acid sequences for murine and human NRAMP
were aligned with yeast SMF1 and SMF2 (18)
using the multiple sequence alignment program
Clustal V (19).
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Direct Cycle Sequencing Across Exons 4-6
of Human NRAMP

Primers (GACAGGCAAGGACTTGGGT and AAG
AAGGTGTCCACAATGGTG) were designed for
RT/PCR amplification of a 200 bp product be-
tween exons 4 and 6 of human NRAMP, using
RNA purified from peripheral blood mononu-
clear cells. This product spans the region of mu-
rine Nramp which carries the susceptibility mu-
tation. PCR products were purified with a Qiagen
PCR purification kit (Hybaid Ltd., Teddington,
U.K.), and subjected to direct cycle sequence
analysis using the Circum Vent Thermal Cycle
Dideoxy DNA Sequencing Kit (New England
Biolabs, CP Laboratories, Bishop’s Stortford,
U.K.) with an internal sequencing primer
(CATCTCTACTACCCCAAGGTGC). Direct cycle
sequence analysis was performed on 19 individ-
uals: 8 visceral leishmaniasis patients, 9 unaf-
fected individuals taken from the same families,
and 2 nonendemic British controls. Endemic
samples were from Brazil (4 affected; 5 unaf-
fected) and the Sudan (4 affected; 4 unaffected).

Primer Design and PCR Analysis of a 5’ gt
Repeat Using Human Genomic DNAs

PCR products of 780-794 bp were amplified
from genomic DNA using primers located —365
bp 5’ of the transcription start site (GAGGGGTC
TTG GAACTCCA) and within intron 1 (CACCTT
CTCCGGCAGCCC). This product was reampli-
fied to generate 108-122 bp products using the
5’ primer and an end-labelled (y*>PdATP; ICN
Biomedicals Ltd., Thame, U.K.) internal reverse
primer TACCCCATGACCACACCC. The products
were resolved by denaturing polyacrylamide gel
electrophoresis and sized using a sequencing lad-
der. PCR products corresponding to different al-
lelic forms were directly sequenced as described
above.

Family Linkage Studies

A set of 36 multicase families of leprosy, tuber-
culosis, and visceral leishmaniasis from our study
site in Brazil (20) were used to determine linkage
between a polymorphic gt repeat in the 5’ pro-
moter region of human NRAMP and previously
mapped 2q34-q35 markers (15,20). Two-point
linkage analyses were carried out between
NRAMP and the markers (TNP1, IL8RB, VILI1,
DES) using LINKAGE (21) on-line to the CRC
Resource Center. Gene frequencies for the

NRAMP alleles were calculated from a sample of
72 genetically independent individuals from the
Brazilian study site.

RESULTS

Sequence and Genomic Organization of
Human NRAMP

The sequencing of exon-positive clones isolated
by hybridization with a full-length cDNA al-
lowed for the identification of the complete se-
quence (EMBL accession numbers x82015 and
x82016) of the human 2q homologue (NRAMP)
of the murine chromsome 1-derived Nramp
gene. Analysis of exon sequence from a region
440 bp 5’ of the transcriptional initiation site to
the termination codon allowed for the complete
exon-intron organization to be elucidated (Table
1). Human NRAMP is encoded by 15 exons and,
in constrast to the 548 amino acid murine mac-
rophage isoform (3), contains 550 amino acids
(Fig. 1). This 550 amino acid polypeptide is ini-
tiated from a translational codon within exon 1
in the context of a weak (1/6) Kozak (22)-con-
sensus. The next, more distal codon found at
Mé68 has a 2/6 Kozak consensus. However, we
propose that like the murine macrophage form
(3), the more proximal initiation codon will be
utilized. This is reinforced by the striking (100%)
sequence conservation for residues 51-67 (Fig.
1), indicating a requirement for the maintenance
of sequence for function. The discrepancy in size
between murine (548) and human (550) genes
results from the inclusion of three additional res-
idues within exon 2 causing a PTS duplication,
with the nonduplicated form representing a rare
variant in Brazilian (15) and British (unpub-
lished data) pedigrees. In addition, the human
gene exhibits a single amino acid deletion rela-
tive to the mouse within the poorly conserved
last exon. Overall amino acid identity with mu-
rine Nramp was 86% (92% with conserved sub-
stitutions). Exons exhibiting highest sequence
identity (100%) include exons 4, 6, and 7, with
exon 11 displaying 98% identity. These exons
encode TM1, the first extracellular domain, TM2
and TM3, and the conserved transport motif. It is
of interest that TM2, containing the murine sus-
ceptibility-associated mutation (1,2) is well con-
served, suggesting that this domain plays an im-
portant functional role which cannot tolerate
amino acid substitutions. NRAMP was aligned
with murine Nramp and with the two yeast mi-



J. M. Blackwell et al.: Genomic organization and sequence of human NRAMP

197

TABLE 1. Intron (four flanking nucleotides)/exon (amino acids) boundaries and sizes (bp) for the 15
exons of human NRAMP identified by genomic sequence analysis of YAC-derived clones.

Exon Size %AA Identity
Number (bp) Intron/Exon Boundaries (Mouse)
Met Thr G 50
EXON 1 155 ATG..145bp.. ATG ACA G gtga
ly Asp Lys..(43aa)... Lys Pro 68
EXON 2 143 acag GT GAC AAG......... AAA CCG gtgg
Gly Thr.. (37aa)... Phe Lys 95
EXON 3 123 acag GGC ACC......... TTC AAA gtaa
Leu Leu.. (36aa)...Pro Lys 100
EXON 4 120 acag CIT CTC.......... CCt AAG gtgg
Val Pro...(3laa).. Ala Gly Ar 91
EXON 5 107 tcag GTG CCC......... GCT GGA CG gtac
g lle Pro..(19aa)... Asn Tyr G 100
EXON 6 71 tcag AATCCCA.......... AAC TAC G gtgg
ly Leu Arg..(l8aa)...Tyr GIn 100
EXON7 68 gtag GGCTGCGG.......... TAT GAG gtag
Tyr Val..(48aa)... Val Lys 88
EXON 8 156 gcag TAT GTG.......... GRC AAG gtag
Ser Arg..(49aa)... Ala Ala 87
EXON 9 159 gtag TCTCGA.......... GCT CGC gtga
Phe Asn.. (26aa)...GIn Gly 80
EXON 10 90 gcag TIC AAC.......... CAG GGG gtga
Gly Val.. (36aa) ... Met Glu 98
EXON 11 120 gcag GGC GTG......... ATG GAG gtag
Gly Phe.. (46aa)...Leu Leu 94
EXON 12 150 ccag GGC TTIC.......... CTG CTG gtga
Leu Pro..(20aa)... Asn Gly Le 84
EXON 13 74 ccag CTCCCG.......... AAT CCG CT gtga
u Leu Asn.. (47aa)...Tyr Leu 73
EXON 14 154 ccag GCTGAAC.......... TAC CTG gtac
Val Trp..(34aa)... Ter 67
EXON 15 108 ccag GIC TGG.......... TAG

Amino acid sequence identity with murine Nramp is shown for each exon.

tochondrial membrane proteins, SMF1 and
SMEF2, using the multiple sequence alignment
program Clustal V (Fig. 1). SMF1 and SMF2,
which show 49% identity (70% similarity) with
each other, show 30% (57%) and 29% (53%)
identities (similarities), respectively, with human
NRAMP. This parallels the 30% (58%) and 30%
(53%) identities (similarities) we reported (8) for
murine Nramp. Regions of most striking se-
quence identity between all four proteins were

found predominantly within the hydrophobic
regions, although high identities were also found
in exons 3, 4, 5, and 6, and for the conserved
transport motif from exon 11. Within exon 6, the
YAC-derived amino-acid human sequence ex-
hibited a Gly at residue 172, corresponding to the
position of the Gly— Asp susceptibility mutation
at codon 169 of the murine sequence. Although
the two SMF genes do not encode a similar Gly,
they encode residues that do not introduce neg-



exonl | exon2 PKC

human MTG----=======m— DKGPQRL8GSSYG----~ SISSPTSPTSPGPQQAPPRETYLSEK 42
mouse MIS-===mm—emm—— DKSPPRLSRPSYG----- SISSLPGPA---PQPAPCRETYLSEK 39
SMF1 MVNVGPSHAAVAVDASEARKRNISEEVFELRDKKDSTVVIEGEAPVRTFTSSSSNHERED 60
SMF2 MT--SQEYEPIQWSDESQTNNDSVNDAY---~---- ADVNTTHESRRRTTLQPNST----~ 46
PKRC 1
exon2 | exon3 exon3 | exond
human IPIPDTKPGTFSLRKLWAFTGPGFLMSIAFLDPGNIESDLQLGPVAGFKLLWVLLWATVL 102
mouse IPIPSADQGTFSLRKLWAFTGPGFLMSIAFLDPGNIESDLQAGAVAGFRKLLWVLLWATVL 99
SMF1 TYVSKRQVMRDIFAKYLKFIGPGLMVSVAYIDPGNYSTAVDAGASNQFSLLCIILLSNFI 120

SMF2 = ----- SQSMIGTLRKYARFIGPGLMVSVSYMDPGNYSTAVAAGSAHRYKLLFSVLVSNFM 101

exond | exon5

human GLLCQRLAARLGVVTGKDLGEVCHLYYPKVPRTVLWLTIELAIVGSDMOEVIGTAIAFNL 162
mouse GLLCQRLAARLGVVTGKDLGEVCHLYYPKVPRILLWLTIELAIVGSDMQEVIGTAISFNL 159
SMF1 AIFLQCLCIKLGSVTGLDLSRACREYLPRWLNWTLYFFAECAVIATDIAEVIGTAIALNI 180
SMF2 AAFWQYLCARLGAVTGLDLAQNCKKHLPFGLNITLYILAEMAIIATDLAEVVGTAISLNI 161
*
2 3
exon5 | exon6 exoné | exon7 exon? |
human LSAGRIPLWGGVLITIVDTFFFLFLDNY-------- GLRKLEAFFGLLITIMALTFGYE- 213
mouse LSAGRIPLWGGVLITIVDTFFFLFLDNY-------- GLRKLEAFFGLLITIMALTFGYE- 210
SMF1 LI--KVPLPAGVAITVVDVFLIMF--TYKPGASSIRFIRIFECFVAVLVVGVCICFAIEL 236
SMF2 LF--HIPLALGVILTVVDVLIVLL--AYKPNGS-MKGIRIFEAFVSLLVVLTVVCFTVEL 216
4
exon8 exon8 | exon9
human -YVVARPEQGALLRGLFLPSCPGCGHPELLQAVGIVGAI IMPHNI YLHSALVKSR----- 267
mouse ~YVVAHPSQGALLKGLVLPTCPGCGQPELLQAVGIVGAI IMPHNIYLHSALVKSR-~--- 264
SMF1 AYIPKSTSVKQVFRG-FVPSAQMFDHNGIYTAISILGATVMPHSLFLGSALVQPRLLDYD 295
SMF2 -FYAKLGPAKEIFSG-FLPSKAVFEGDGLYLSLAILGATVMPHSLYLGSGVVQPRLREYD 274
5
human ~ ---------- EIDRARRVDIREANM------ YFLIEATIALSVSFIINLFVMAAFGQAFY 311
mouse = ---------- EVDRTRRVDVREANM------ YFLIEATIALSVSFIINLFVMAVFGQAFY 308
SMF1 VKHGNYTVSDEQDKVKKSKSTEEIMEEKYFNYRPTNAAIKYCMKYSMVELSITLFTLALF 355
SMF2 IKNGHY-LPDAND--------~—-~- MDNNHDNYRPSYEAISETLHFTITELLISLFTVALF 322
=== === 6
exon9 | exonl0 exonl0|exonll
human QKTKQAAFNICANSSLHDYAKIFPMNNATVAVDIYQGGVILGCLFGPAALYIWAIGLLAA 371
mouse QQTNEEAFNICANSSLONYAKIFPRDNNTVSVDIYQGGVILGCLFGPAALYIWAVGLLAA 368
SMF1 VN---=----- CAILVVAG-STLYNSPE-ADGADLFTIHELLSRNLAPAAGTIFMLALLLS 405
SMF2 VN----=---- CAILIVSG-ATLYGSTQNAEEADLFSIYNLLCSTLSKGAGTVFVLALLFS 373
*

7

exonll|exonl2

human GQSSTMTGTYAGQFVMEGFLRLRWSSFARVLLTRSCAILPTVLVAVFRDLRDLSGLNDLL 431
mouse GQSSTMTGTYAGQFVMEGFLKLRWSRFARVLLTRSCAILPTVLVAVFRDLKDLSGLNDLL 428
SMF1 GQSAGVVCTMAGQIVSEGHINWKLQPWQRRLATRCISIIPCLVISICIGREALSKALNAS 465
SMF2 GQSAGIVCTLSGQMVSEGFLNWTVSPALRRSATRAVAITPCLILVLVAGRSGLSGALNAS 433
8 -
exonl2 |exonl3 exonl3 | exonl4
human NVLQSLLLPVAVLPILTFTSMPTLMQ---------~~=-==--~= EFANGLLNKVVTSSI 472
mouse NVLOSLLLPFAVLPILTFTSMPAVMQ------~-~-~=--c—w-- EFANGRMSKAITSCI 469
SMF'1 QVVLSIVLPFLVAPLIFFTCKKSIMKTEITVDHTEEDSHNHQNNNDRSAGSVIEQDGSSG 525
SMF2 QVVLSLLLPFVSAPLLYFTSSKKIMRVQLNRTKELSRTTDKKPVADRTEDD--ETIELEE 491
_ 9 10
exonl4 |exonl5

human MVLVCTINLYFVVSYLPSLPHPAYFGLAALLAAAYLGLSTYLVWTCCLAHGATFLAHSSH 532
mouse MALVCAINLYFVISYLPSLPHPAYFGLVALFAIGYLGLTAYLAWTCCIAHGATFLTHSSH 529
SMF1 MEIENGKDVKIV----------- Y--MANNWIITVIAI--~-IVW---------- LFLSLL 559
SMF2 MGIGSSSQERSLVS----~- PAPEYKDMSNGMIVTVLAI---IVW----—===-~ LIISGL 533
human HHFLYGLLEEDHKG-ETSG 550

mouse KHFLYGLPNEEQGGVQGSG 548

SMF'1 N--VYAIVQLG-MSHGDIS 575

SMF2 N--FYMLLGFT-TGKEVHL 549

FIG. 1. Clustal V multiple sequence alignment for the deduced amino acid sequence for human
NRAMP, murine Nramp clone A 8.1 (3), and the yeast mitochondrial proteins SMF1 and SMF2 (18).

Residues showing 3/4 or 4/4 identities across the four proteins are shown in bold. For the NRAMP sequence: exon
boundaries are indicated above the sequence; (PKC) consensus sites (S/T-X-R/K) for protein kinase C phosphory-
lation; (===) consensus sites for N-linked glycosylation; and putative membrane spanning domains (after Ref. 1)
are overlined and numbered on the sequence. (*) cysteine residues conserved across all four proteins; (*) con-
served substitutions.
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atively charged residues found in the susceptible
allele of mice. As before (3,15), matches with
other proteins (Fig. 2) in the sequence databases
were observed over exon 2 which contains a
putative SH3 binding domain; and over the re-
gion of exon 11 containing the conserved bind-
ing protein-dependent transport motif (1). The
latter was highly conserved (7/20 identity; 11/20
similarity) in murine/human NRAMP, the yeast
proteins, and in two expressed sequence tags
from Oryza sativa (rice) and Arabidopsis thaliana.
SMF1 and SMF2 do not demonstrate high iden-
tity over the proline/serine rich sequence of exon
2 but do have consensus (S/T-X-R/K) sequences
(one in SMF1; two in SMF2) for PKC-dependent
phosphorylation. Human NRAMP has two PKC
consensus sites (in exons 2 and 3, Fig. 1) in this
region, compared with three in the murine gene.
The location of the distal site in SMF2 matches
precisely with human NRAMP site 2/murine
Nramp site 3, whereas the site in SMFI is located
eight residues upstream. A pair of cysteine resi-
dues are conserved in all four genes: (1) in the
first extracellular loop domain; and (2) in the
third extracellular domain which also contains
two sites for N-linked glycosylation in the hu-
man and murine genes. Charged residues are
conserved across all four proteins within the
transmembrane spanning domains 1, 2, 3, 4, and
7 (Fig. 1), except for a Lys— Ser substitution in
the first transmembrane domain of SMF1.

Analysis of the Murine Mutation Site in
Visceral Leishmaniasis Patients
and Controls

To determine whether a mutation homologous
to the murine disease susceptibility Gly— Asp
mutation occurs in man, RT/PCR and direct cycle
sequencing was performed on RNA from visceral
leishmaniasis patients and controls from Brazil
and the Sudan. All 19 human samples, whether
from affected or unaffected individuals, encoded
a Gly at this position.

Analysis of the 5 Promoter Region of
Human NRAMP

A 1654 bp PstI fragment subcloned from AB.1
contained exons 1 and 2, and also provided 440
bp of sequence 5’ of the transcription start site
(Fig. 3). The transcription start site is located 148
bp 5’ of the ATG initiation codon. A series of
predicted promoter region elements also occur 5’
of the transcription start site, including a possible

Z-DNA forming (23,24) dinucleotide repeat
t(gt)sac(gt)sac(gt)og located —317 to —274 bp 5’
of the transcription start site. On either side of
the Z-DNA forming dinucleotide repeat are a
series of matches to inducible promoter element
consensus sequences. These include six interfer-
on-vy response elements, 1 X 3’'—5' showing 8/8
matches to the consensus sequence CTS/;S/
tANNC/. (25,26), 3 X 5'—3’ showing 7/8
matches, 2 X 3'—=5’ showing 7/8 matches; three
W-elements (also known as H-, E-, W-, S-, or
Z-boxes), 1 X 3'—5' showing 8/8 matches to the
consensus sequence */;GNA®/,C/. 6/, (25), 2 X
5'—3' with 7/8 matches; an API1 site showing
6/7 matches to the consensus sequence
TGACTCA (27); and three NFkB binding sites,
2 X 5'=3"and 1 X 3'—>5’', each showing 7/10
matches to the consensus sequence GGG®/,/A/
T€/:°1.CC (28). Nine purine-rich GGAA core
motifs (two on the antisense strand) for the my-
eloid-specific PU.1 transcription factor (29,30)
also occur across this region, two of which com-
bine with imperfect AP1-like sites to create PEA3
motifs (31), and another two are juxtaposed.
Strings of heat shock transcription factor (HSTF)
motifs (NGAAN or NTTCN) (32) were also
present, although their order and phase are not
consistent with currently functional elements.
TATA, GC, and CCAAT boxes were not found
within the 440 bp 5’ flanking sequence.

Mapping of a Polymorphic Repeat in the
5' Promoter Region

The presence of a gt repeat in the 5’ region of the
YAC-derived NRAMP sequence stimulated fur-
ther analysis of this region to determine whether
a polymorphism was present in human popula-
tion samples. Four alleles were observed in
Brazilian families (Fig. 4): allele 1 = 122 bp;
allele 2 = 120 bp; allele 3 = 118 bp; and allele 4
= 108 bp. Direct sequence analysis confirmed
that the polymorphism was located in the largest
cluster of gt repeats. Hence, allele 1 = t(gt)sac(gt)s
ac(gt),,g; allele 2 = t(gt)sac(gt)sac(gt),og allele
3 = t(gt)sac(gt)sac(gt)og; and allele 4 = t(gt)s
ac(gt)sac(gt),g. Gene frequencies determined on
72 genetically independent Brazilians were
0.021 (allele 1), 0.326 (allele 2), 0.646 (allele 3),
and 0.007 (allele 4), providing an overall het-
erozygosity score of 0.476. Linkage analysis gen-
erated positive (>3) LOD scores (Table 2) for
linkage between NRAMP and the four closest
markers TNP1 (proximal) and IL8RB, VIL1, and
DES (distal), consistent with physical mapping
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ctgaagcctttgaggacatgaagac

—

tegcattaggecaacgaggggtettififfkctecagatcaaagagaataagaaagacctga

o Putative Z-DNA forming repeat

ctetgtgtgtgtgtacgtgtgtgtgtacgtgtgtgtgtgtgtgtgtggcagaggggggtyg

—

—
- —

tggtc atééggtattgéc atgaatacgcaaggggcafffiEElgcatc tgaaat agagctaa

i

e —_—

ccacttotgectttififflaatgtttcacaacgcc

éatqttgtgtgtgtgtgtgaatcgg

Transcription start site

ccgatgtgaaccgaatgttg

atgtaagaggcagggcactceggctgeggatgggtaac

agggcgtgggetggecacacttacttgecaccagtgeccagagagggggtgecaggetgagga

M T

gctgcccagagcaccgectcacactecccagagtacctgaagteggecatttcaATGACAGtL

-~ Interferon-vy
response element

- -elenen: [EEEEY/

== = NFkB site EEEENEN - Pl site

........... = APl-like

PU.1l core motif MGG - PEA3 site

FIG. 3. 440 bp of putative promoter region human NRAMP sequence 5’ of the transcription start site

The transcription start site is located 148 bp 5’ of the ATG initiation codon, as indicated. Putative promoter region
elements identified by inspection (indicated above the sequence) include a possible Z-DNA forming dinucleotide
repeat t(gt)sac(gt)sac(gt)og; 6 interferon-vy response elements; three W-elements; one AP1 site; three NFxB binding
sites; and nine purine-rich GGAA core motifs (two on the antisense strand) for the myeloid-specific PU.1 transcrip-
tion factor, two of which combine with imperfect AP1-like sites to create PEA-3 consensus motifs. Strings of heat
shock transcription factor (HSTF) motifs (NGAAN or NTTCN) also occur across the 440 bp sequence (not marked).

data (15) placing NRAMP 130 kb proximal to
IL8RB, and confirming that this particular poly-
morphism occurs in the 2q35 copy of NRAMP
rather than in a related sequence (33) mapping
to a region in mice homologous to 6q27 in man.

DISCUSSION

Genomic sequence analysis presented here dem-
onstrates that the human NRAMP gene located
on chromosome 2q35 has a genomic size of 12

kb and contains 15 exons. The amino acid se-
quence deduced from nucleotide sequencing of
the 15 exons shows that, like murine Nramp,
NRAMP encodes a polytopic integral membrane
protein containing both a conserved transport
motif (1) and a putative SH3 binding domain (3).
Over the 20 amino acid transport motif, strong
sequence identity (7/20 residues; 11/20 with
conserved substitutions) was observed between
NRAMP (Nramp), the two vyeast proteins
SMF1/2, and the expressed sequence tags from
rice and Arabidopsis, suggesting that this is a func-
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tionally important motif among phylogenetically
distinct organisms. Interestingly, these identities
are higher than those reported (4/20 identity;
6/20 similarity) between murine Nramp and the
nitrate transporter of Aspergillus nidulans, which
led Vidal and coworkers (1) to hypothesise that
Nramp might function in direct delivery of ni-
trates into the phagolysosomes of infected mac-
rophages. The stronger identity observed here
between the transport motif of NRAMP and the
yeast mitochondrial proteins SMF1/2, together
with the striking overall similarity between the
yeast and human/murine genes, suggests that
NRAMP may be a functional homolog to the
yeast mitochondrial genes. The yeast genes en-
code hydrophobic molecules that influence pro-
cessing enhancing protein-dependent protein
import into mitochondria, possibly at the level of
translocation (18). Complementation experi-
ments with yeast mutants might therefore reveal
more about the molecular mechanism of Nramp
function. Sequence similarity between NRAMP
(Nramp) and SMF1/2 was poor over the proline/
serine rich putative SH3 binding domain. This is
perhaps not unexpected as these are modular
structures that occur in a variety of otherwise
unrelated proteins involved in signaling and/or
cytoskeletal attachment (3). Hence, this modular
motif may be a recent addition to the NRAMP
molecule related to its macrophage-restricted
function, and we might expect that other more
ubiquitously expressed NRAMP-like molecules

FIG. 4. Shows two families segre-
gating for (a) alleles 2 and 3, or
(b) alleles 1, 2, and 3 of the 5’
dinucleotide repeat polymor-
phism

Photographs below the families show
autoradiographs of polymorphic PCR
products (122 bp, 120 bp, and 118 bp
for alleles 1 to 3, respectively) sepa-
rated by denaturing polyacrylamide
gel electrophoresis. Lanes from left to
right on each photograph show indi-
viduals (a) I-2, II-1, II-2, II-3, II-4,
II-5, I-6, III-1, III-2, and III-3; and
(b) I-1, I-2, II-1, II-2, III-1, III-2, III-3,
III-4, III-5, and III-6, as indicated on
the pedigrees. Individual I-1 is not
shown for Family a.

0O O

III-4 III-5 IXII-6
2/3 2/3 1/3

B

will occur. A second Nramp-related sequence has
already been mapped in the mouse (33), and
others may be found.

Our major interest in analyzing the human
NRAMP gene was to provide the basis to screen-
ing multicase families for mycobacterial (tuber-
culosis and leprosy) and leishmanial infections.
As a first step, we examined a small group of
visceral leishmaniasis patients and their unaf-
fected siblings to see whether a mutation similar
to the murine susceptibility-associated mutation
(1,2) could be found. As might have been pre-
dicted, exon 6 encoding the second membrane
spanning domain is highly conserved between
murine and human sequences, as well as with
the yeast genes, suggesting that this is a function-
ally important domain. No mutations were
found within this region in the 19 human sam-
ples examined by direct cycle sequencing. Simi-
larly, a polymorphic variant identified by us (15)
in the putative SH3 binding domain occurred at
very low frequency, suggesting that this too
might be a region of the macrophage-expressed
NRAMP molecule which, although recently ac-
quired in evolutionary terms, may be critical to
its function and intolerant to nonconservative
substitutions.

The 440 bp of promoter region sequence
identified here is of particular interest with re-
spect to macrophage-restricted expression of the
NRAMP gene, and provides a different approach
to analyzing polymorphisms which might influ-
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TABLE 2. Peak LOD scores for pairwise
linkage analysis between NRAMP and
previously mapped (15,20) 2q34 (TNP1) and
2q35 (IL8RB, VIL1, DES) markers calculated for
36 Brazilian families.

Marker Peak LOD

Intervals n Score RF
TNP1-NRAMP 14 10.49 0.026
TNP1-IL8RB 9 6.02 0.032
TNP1-VIL1 15 9.84 0.001
TNP1-DES 19 11.45 0.046
NRAMP-IL8RB 11 3.56 0.072
NRAMP-VIL1 15 10.94 0.001
NRAMP-DES 20 8.94 0.051
IL8RB-VIL1 10 5.80 0.065
IL8RB-DES 12 10.03 0.035
VIL1-DES 14 9.47 0.059

RF = recombination fraction (M = F) at which the peak
LOD score was obtained. » = number of families contribut-
ing to the analysis.

ence expression rather than cause structural
changes to the molecule. Identification of PU.1
and PEA3/AP1-like response elements is consis-
tent with haematopoietic-restricted gene expres-
sion (31,34,35). Although earlier studies (1,3)
suggest that murine Nramp is constitutively ex-
pressed in macrophages, the inducible promoter
region elements identified in the human se-
quence suggest that expression may be regulated
by macrophage priming/activation stimuli. In
particular, interferon-y and W-elements are
common to other genes (e.g., MHC class II, [25];
FcyRI [26]; INOS [36]) inducible in macro-
phages. AP1 and NFkB sites also occur in the
promoter regions of other macrophage-ex-
pressed proteins (e.g., tissue factor [27]; iNOS
[36]) and are required for LPS and TNF induc-
ibility, AP1 acting to stabilise and maintain NF«B
activity (27). Given the many functional obser-
vations (reviewed in Refs. 5,8—10) demonstrat-
ing that the Ity/Lsh/Bcg (candidate Nramp) phe-
notype is so closely allied to the interferon-vy/LPS
macrophage activation pathway, it will be im-
portant to determine the functional relevance of
these elements to tissue-specific expression of
NRAMP in different macrophage subpopula-
tions. This may be particularly relevant to previ-
ous observations demonstrating that the Lsk

gene phenotype is differentially expressed in dif-
ferent macrophage subpopulations (37,38) and
that interaction with extracellular matrix elicits
different levels of TNFa in bone marrow-derived
macrophages from congenic resistant and sus-
ceptible mice (39). Although their order and
phase were not consistent with currently func-
tional elements, it was of interest that strings of
HSTF elements were also found in the promoter
region of human NRAMP. These may represent
ancestral elements related to the mitochondrial
activity/expression of the yeast SMF1 and SMF2
genes.

Another interesting feature of the 5’ flanking
region of human NRAMP was the presence of a
putative Z-DNA forming dinucleotide repeat
t(gt)sac(gt)sac(gt),g. A distinct class of binding
proteins exists in eukaryotes which interact ex-
clusively with DNA in the Z-conformation, and
roles in both positive and negative regulatory
signaling have been attributed to this form of
DNA (reviewed in Ref. 23). It was particularly
intriguing that a polymorphism in this repeat
unit was observed in human genomic DNA sam-
ples. The fact that the putative Z-DNA forming
repeat is flanked on either side by other pro-
moter region response elements suggests that
this polymorphism may be functionally impor-
tant in determining gene expression, if not on
the basis of its own role as a transcriptional reg-
ulator, at least because it will influence the jux-
taposition of other response elements. The level
of heterozygosity (0.476) in the Brazilian popu-
lation studied here made this a useful marker for
genetic linkage analysis between NRAMP and
other 2q markers. However, the number of alle-
les was small compared with other repeat (e.g.,
microsatellite) polymorphisms, suggesting that
the generation of further polymorphic variants
across this repeat may not be tolerated in evolu-
tionary terms. This polymorphism may therefore
be of functional relevance in further analysis of
the association between NRAMP and disease.
Our own analysis of association between
NRAMP and leprosy, TB, or visceral leishmania-
sis in the Brazilian population from which link-
age data was derived is in progress. Such studies
will also need to take account of mutations/poly-
morphisms across coding region sequences. The
data provided in this study will provide some of
the tools required for further functional and ge-
netic analysis of diseases in humans involving
defective macrophage function.
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