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Studies to clone a cell-surface DNA-binding protein
involved in the binding and internalization of extracel-
lular DNA have led to the isolation of a gene for a mem-
brane-associated nucleic acid-binding protein (MNAB).
The full-length cDNA is 4.3 kilobases with an open read-
ing frame of 3576 base pairs encoding a protein of ;130
kDa (GenBank accession numbers AF255303 and
AF255304). The MNAB gene is on human chromosome 9
with wide expression in normal tissues and tumor cells.
A C3HC4 RING finger and a CCCH zinc finger have been
identified in the amino-terminal half of the protein.
MNAB bound DNA (KD ;4 nM) and mutagenesis of a
single conserved amino acid in the zinc finger reduced
DNA binding by 50%. A potential transmembrane do-
main exists near the carboxyl terminus. Antibodies
against the amino-terminal half of the protein immuno-
precipitated a protein of molecular mass ;150 kDa and
reacted with cell surfaces. The MNAB protein is mem-
brane-associated and primarily localized to the perinu-
clear space, probably to the endoplasmic reticulum or
trans-Golgi network. Characterization of the MNAB pro-
tein as a cell-surface DNA-binding protein, critical in
binding and internalization of extracellular DNA,
awaits confirmation of its localization to cell surfaces.

The interaction of extracellular DNA with the plasma mem-
brane, and its subsequent internalization into the cell, can
trigger specific cellular events. For instance, gene therapy in-
volves the cellular binding and uptake of DNA as an intact
molecule, with subsequent overexpression of the gene prod-
uct(s). In some cases this overexpression can result in the
stimulation of host immune responses as seen with DNA vac-
cines (1–3). Recently, there has been evidence demonstrating
the immunostimulatory activity of bacterial DNA. The binding

and internalization of bacterial DNA can initiate a variety of
responses, both harmful as well as beneficial. Bacterial DNA
has been reported to induce potentially harmful inflammation
in the lung (4–8) and to activate macrophages with the subse-
quent release of tumor necrosis factor-a and interleukin-1a (9).
In contrast, the immunostimulatory motif found in bacterial
DNA (CpG) has been shown to mediate a number of beneficial
effects. Hartman and colleagues (10) have shown that CpG
motifs can activate human dendritic cells, implying a possible
role in dendritic cell-mediated immune responses. In addition,
the role of CpG motifs as adjuvants has recently been reported
(11, 12). Binding and internalization of exogenous DNA are
both required for initiation of these events.

The mechanism(s) that mediate the cellular binding and
internalization of exogenous DNA remains, for the most part,
undefined at the molecular level. There are numerous reports
of the association of different forms of nucleic acids, such as
DNA, RNA, and oligonucleotides, with cell surfaces (13–19) as
well as reports of cellular binding and internalization of nucleic
acids (20–26) to a variety of cell types. Oligonucleotides are
bound and internalized by cells (19, 27). Whether oligonucleo-
tides are internalized via a receptor-mediated endocytic path-
way, a pinocytic mechanism, or a combination of both has not
been resolved. Loke et al. (28) reported the uptake of unmodi-
fied oligonucleotides was a saturable phenomenon that was
competitively inhibited by unlabeled oligonucleotide, double or
single stranded DNA, unrelated oligonucleotides, or RNA, sug-
gesting a receptor-mediated endocytic pathway. A possible en-
docytic pathway for oligonucleotide uptake was described by
Yakubov et al. (29) but it appeared that pinocytosis was the
preferred pathway at a high concentration of oligonucleotides.
Recently, the involvement of the macrophage-1 cell-surface
molecule as a receptor for oligonucleotide binding has been
reported (30). However, whether binding of oligonucleotides to
macrophage-1 is the relevant mechanism by which DNA acti-
vates cells is unknown. In addition, the mechanism(s) for oligo
and/or plasmid DNA binding and internalization by cells lack-
ing macrophage-1 has yet to be established. Other studies
substantiate the notion that cells possess specific cell-surface
proteins that mediate nucleic acid binding and internalization.
Bennett et al. (31) provided evidence that cell surface binding of
high molecular weight DNA by human leukocytes was medi-
ated by membrane-associated proteins with subsequent uptake
and degradation of internalized DNA. Emlen and colleagues
(32), working with hepatic cells, have demonstrated saturable
DNA binding, suggesting a receptor-mediated process and
Kawabata and colleagues (33) showed rapid uptake of plasmid
DNA by the liver. Takagi and colleagues (34) demonstrated
plasmid DNA binding and internalization by murine peritoneal
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macrophages. However, characterization of the receptor(s)
which mediate the binding and internalization of plasmid DNA
remains undefined at the molecular level.

The molecular characterization of the cell-surface receptor(s)
involved in the binding and internalization of DNA will provide
the basis for the potential regulation of DNA binding to cells
and the selective enhancement or diminishment of the biolog-
ical effects of DNA. To facilitate the identification of this cell-
surface receptor(s), we have demonstrated that DNA binding to
cell surfaces could be inhibited by pretreatment of cells with
serum from patients with SLE1 (35–37). Inhibition of DNA
binding to cells was shown to be antibody-mediated and to be
distinct from anti-DNA antibodies. We used a serum that in-
hibited DNA binding to cell surfaces and reacted to cell-surface
DNA-binding proteins (21) to screen a lgt11 cDNA expression
library derived from human monocytes. A novel membrane-
associated protein of molecular mass ;130 kDa that binds
DNA was identified. The molecular characterization and DNA
binding properties of this molecule are detailed in this report.

MATERIALS AND METHODS

Cloning of MNAB—Serum from a patient with SLE was used to
screen a lgt11 cDNA expression library from lipopolysaccharide stim-
ulated human monocytes (CLONTECH). This serum was anti-nuclear
antigen positive, had been depleted of anti-DNA antibodies by multiple
(36) passages over a DNA-Sepharose column, and had previously been
shown to inhibit DNA binding to cell surfaces (21). Approximately 106

plaques were screened and 10 positive clones were identified and iso-
lated according to the technique of Young and Davis (38). Two clones
were sequenced by dideoxy chain termination with 7-deaza-29-deoxy-
quanosine-59-triphosphate (39). Clone 88 (1.4 kilobases) was investi-
gated further. A 731-bp DNA probe (probe 11) from clone 88 was used
to screen a lgt11 phage library from a Raji cell line (CLONTECH Labs).
A 2409-bp clone termed 97d42 was purified. It contained 1197 bp of
clone 88 and 1212 bp of a new open reading frame sequence. Additional
59 sequence was obtained using PCR. RNA from HeLa cells was reverse
transcribed into single stranded DNA and a poly(A) tail added to the 59
ends. A PCR product (clone 30F18) was synthesized with gene specific
and poly(T) primers. It had a 77-bp overlap with the 59 end of clone
97d42 and 753 bp of new 59 sequence containing a contiguous open
reading frame with clone 97d42. The remainder of the 59 sequence was
obtained from MOLT-4 cDNA by Marathon cDNA amplification
(CLONTECH) according to the manufacture’s instructions. This gener-
ated the final 1290-bp clone 141F13 containing 340 bp of new 59 open
reading frame and 950 bp of 59-untranslated region. The full-length
coding sequence (3576 bp) was cloned as a single PCR product from
MOLT-4 cDNA. The PCR primers for this reaction (59-ACCCGAGCAT-
GGATCCGCCACCATGGCTGTGCAGGCAGC-39 and 59-GGTATCTA-
GATCCATGGTGTGGTCAC-39) introduced a BamHI site (underlined)
into the 59 end and an XbaI site (underlined) at the 39 end. In addition,
three base changes were introduced to create a more frequently ob-
served Kozak sequence around the start codon: TCCACAATGC to GC-
CACCATGG. This also resulted in changing the second codon in the
gene from CCT (coding for proline) to GCT (coding for alanine) (40).

Northern Analysis—Human MTN Blots (CLONTECH) were probed
with a 32P-labeled 442-bp EcoRV-NcoI restriction fragment from the
extreme 39 end of the coding sequence for the MNAB gene. The blots
were prehybridized for 6 h at 42 °C in 5 3 SSPE (20 3 SSPE contains
3 M NaCl, 0.2 M NaH2PO4zH2O, 0.02 M Na2EDTA), 10 3 Denhardt’s
solution (50 3 contains 1% Ficoll 400, 1% polyvinylpyrrolidone, 1%
bovine serum albumin fraction V), 100 mg/ml denatured salmon sperm
DNA, 50% deionized formamide, and 2% SDS. The random primed
32P-labeled probe (1–2 3 106 cpm/ml) was denatured for 4 min at 95 °C
and added to fresh prewarmed (42 °C) prehybridization buffer. Hybrid-
ization was carried out for 18 h at 42 °C with gentle shaking. The blots
were washed under low stringency conditions in 0.1 3 SSC (20 3

contains 3 M NaCl, 0.3 M Na3 citratez2H2O), 0.1% SDS and exposed to
x-ray film.

Production of a Soluble MNAB Fusion Protein—A BamHI-EcoRI
fragment of the cDNA coding for amino acids 1–575 (including the ring
and zinc finger motifs) of MNAB was cloned in-frame into pGEX-6-P
(Amersham Pharmacia Biotech, Piscataway, NJ). The resulting vector
was named pGEX-MNAB and the fusion protein expressed from this
vector was named GST/MNAB. Expression of GST fusion protein in
Escherichia coli DH5a was induced with 1 mM isopropyl-b-D-thiogalac-
topyrannoside for 2–4 h at 37 °C. The fusion protein was purified from
lysates by chromatography on glutathione-Sepharose (Amersham Phar-
macia Biotech) and eluted from the column with 15 mM reduced gluta-
thione (Sigma), 50 mM Tris-HCl, pH 8.0. Alternatively, the fusion pro-
tein was cleaved in situ with Prescission protease (Amersham
Pharmacia Biotech) to release the MNAB peptide from the GST peptide
essentially according to the manufacturer’s instructions. The released
peptide was desalted and concentrated (Centricon 30; Amicon, Beverly,
MA), then incubated with glutathione-Sepharose to remove traces of
GST or GST fusion proteins. GST fusion proteins used as controls in
DNA binding assays (GST/CBD, GST/HST.1) were provided by Dr.
Rowland Kwok, University of Michigan, Ann Arbor, MI. Proteins were
stored at 280 °C.

Expression Vector for an Epitope-tagged MNAB—A BamHI-HpaI
cDNA fragment containing the coding sequence for amino acids 1–1190
(missing the two most carboxyl-terminal amino acids) of the MNAB was
subcloned into pTriplFlu (constructed by Dr. John Epstein, University
of Pennsylvania, Philadelphia, PA). The vector contains the sequence
coding for an epitope tag from the influenza virus HA in triplicate
inserted immediately 39 of the multicloning site in pcDNA3 which are
in-frame with the inserted MNAB cDNA sequence.

Production of Antibodies to MNAB—Polyclonal antibodies were pro-
duced to the purified GST/MNAB peptide from which the GST fusion
partner had been removed by site-specific proteolysis. Female New
Zealand White rabbits (2.3–3.0 kg) were injected subcutaneously with
60 mg of purified MNAB-(1–575) peptide emulsified 1:1 with TitreMax
(CytRx Corp., Norcross, GA) in a final volume of 0.5 ml. The rabbits
were boosted 4 weeks later with 15 mg of antigen/Titer-Max mixture,
again 2 weeks later, and were maintained on a monthly intramuscular
injection schedule thereafter. The final 2 injections consisted of a
3–5-mg antigen challenge. The rabbits were bled 7–10 days after each
immunization and the sera analyzed for reactivity to the immunizing
antigen. Sera were collected from each of the rabbits prior to immuni-
zation with the MNAB peptide and stored at 220 °C. All immune sera
reacted against the immunizing peptide as assessed by ELISA and
Western blot analysis.2 This sera is referred to as anti-MNAB.

Other Antibodies—Antibody to the human transferrin receptor was
provided by Dr. Caroline Enns, OHSU, Portland, OR. Monoclonal an-
ti-HA (12CA5) was purchased from Roche Molecular Biochemicals (In-
dianapolis, IN). Monoclonal anti-g-tubulin and rabbit anti-GST were
from Sigma.

Cell Culture and Transfections—Cells were routinely cultured in
Dulbecco’s modified Eagle’s medium (Life Technologies, Gaithersburg,
MD) supplemented with 10% fetal bovine serum (HyClone, Logan, UT),
2 mM L-glutamine, 100 units/ml penicillin G, 100 mg/ml streptomycin.
Clones of 293 cells stably expressing HA-tagged MNAB were estab-
lished by transfection with pTriplFlu-MNAB using LipofectAMINE
(Life Technologies) and were selected with 500 mg/ml G418 (Life Tech-
nologies). G418-resistant cells were cloned by limiting dilution and
tested for expression of HA-tagged MNAB by Western blotting.

Western Analysis—Lysates of cells were prepared on ice in lysis
buffer (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 1 mM EDTA, 1% Triton
X-100) plus a protease inhibitor mixture (Sigma P8340, used at 1:100).
Lysates were cleared by centrifugation at 20,000 3 g, and the protein
contents were estimated by Coomassie dye binding (Bio-Rad). Lysates
were stored at 280 °C. Cells were fractionated into cytoplasmic and
crude membrane fractions by Dounce homogenation on ice in hypotonic
buffer (10 mM HEPES, pH 7.5, 5 mM KCl, 1.5 mM MgCl2, protease
inhibitor mixture), followed by sequential centrifugation at 10,000 3 g
for 20 min then 100,000 3 g for 60 min at 4 °C. The supernatant and
pellet from the latter centrifugation were considered cytoplasmic and
membrane fractions, respectively. Lysates, fractionations (typically 100
mg), and immunoprecipitates were heated at 85 °C in 2 3 sample buffer
(50 mM Tris-HCl, pH 6.8, 2% SDS, 10% glycerol, 5% 2-mercaptoethanol)

1 The abbreviations used are: SLE, systemic lupus erythematosus;
MNAB, membrane-associated nucleic acid-binding protein; PCR, po-
lymerase chain reaction; PBS, phosphate-buffered saline; GST, gluta-
thione S-transferase; HA, hemagglutinin; ELISA, enzyme-linked im-
munosorbent assay; PAGE, polyacrylamide gel electrophoresis; bp, base
pair(s); EST, expressed tag sequence; TRAF, tumor necrosis factor
receptor-associated factor.

2 D. Siess, C. T. Vedder, L. S. Merkens, T. Tanaka, A. C. Freed, S. L.
McCoy, M. C. Heinrich, M. E. Deffebach, R. M. Bennett, and S. H.
Hefeneider, unpublished observations.
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for 10 min, then separated by 7% SDS-polyacrylamide gel electrophore-
sis and electrophoretically transferred to nitrocellulose (Hybond ECL,
Amersham Pharmacia Biotech). The membranes were stained with
Ponceau S to confirm transfer and identify standards. Membranes were
blocked for 1 h at room temperature in 5% nonfat dry milk in TNT (50
mM Tris-HCl, pH 8.0, 100 mM NaCl, 0.01% Tween 20). They were then
incubated sequentially for 1–2 h in primary antibody diluted in 5%
nonfat dry milk in TNT followed by horseradish peroxidase-conjugated
secondary antibody (Roche Molecular Biochemicals) in TNT. They were
washed extensively in TNT in between each reagent. Antibody binding
was detected with ECL and exposure of the membrane to Hyperfilm
ECL (Amersham).

Immunoprecipitations—Lysates were precleared by incubating with
protein A-agarose (Roche Molecular Biochemicals) for 3 h at 4 °C with
rotation. Immunoprecipitations were carried out by incubating the pre-
cleared lysates with either rabbit anti-MNAB or preimmune serum at
1:500, or mouse monoclonal anti-HA (12CA5, Roche Molecular Bio-
chemicals) or control mouse monoclonal antibody (MOPC141, Sigma) at
5 mg/reaction for 2 h at 4 °C with rotation. After incubation with protein
A-agarose for 1 h with rotation at 4 °C, the immune complexes were
collected by brief centrifugation then washed 3–4 times with lysis
buffer. The immune complexes were then heated at 85 °C for 10 min in
25 ml of 2 3 sample buffer.

Immunofluorescence—Cells (2 3 104) were seeded into the wells of
poly-L-lysine (1 mg/ml, Sigma) coated 8-well Permanox chamber slides
(Nunc, Naperville, IL) and incubated at 37 °C in 5% CO2 for 2 days at
which time the cells were typically 70–80% confluent. Cells were fixed
in 4% paraformaldehyde in PBS containing 1 mM each CaCl2 and MgCl2
(Ca,Mg-PBS) for 30 min at room temperature, washed twice with
Ca,Mg-PBS, then permeablized by incubation in permeablization buffer
(Ca,Mg-PBS, 10% fetal bovine serum, 0.05% sodium azide, and 0.1%
Triton X-100) for 30 min at room temperature. The cells were incubated
sequentially for 1 h at room temperature with primary antibody (1:100
rabbit anti-MNAB, 1:100 sheep anti-transferrin receptor, 1:200 mouse
anti-g-tubulin) then with the appropriate fluorophore-conjugated sec-
ondary antibody (1:200 Cy3 anti-rabbit IgG, 1:50 DTAF anti-mouse IgG
(Accurate Chemical, Westbury, NY), or 1:100 fluorescein isothiocyanate
anti-goat IgG (Tago, BIOSOURCE International, Camarillo, CA), di-
luted in permeablization buffer, with extensive washing in perme-
ablization buffer following each antibody incubation. Slides were
mounted in Antifade Light (Molecular Probes, Eugene, OR) and viewed
with epifluorescence microscopy. Digital images were obtained with a
Zeiss Axialphot Photo 3 fluorescence microscope equipped with a
Hamamatsu digital charged coupled device camera and processed with
QED imaging software. Non-immune sera from the appropriate species
were used as controls for the primary antibodies. For doubly stained
cells, control staining showed that there was no reactivity between the
secondary antibody and the inappropriate primary antibody.2

Flow Cytometric Analysis—Human 293 cells were lifted with 8 mM

EDTA in PBS and washed once in PBS. Cells (5 3 105) were incubated
at 4 °C for 30 min with preimmune serum or anti-MNAB diluted in
assay medium (1% fetal calf serum, 1 mM MgCl2, 1 mM CaCl2, and 0.1%
sodium azide in PBS). After washing, cells were incubated at 4 °C for 30
min with fluorescein isothiocyanate-conjugated goat anti-rabbit IgG
(Caltag, Burlingame, CA) diluted 1:400 in assay medium. Viable cells
were identified by incubation at 4 °C for 20 min with 2.5 mg/ml 7-ami-
noactinomycin D (Molecular Probes) in assay medium. The fluorescence
intensity of the cells was analyzed by FACScan (Becton Dickinson,
Mountain View, CA) with CellQuest software. Ten thousand viable cells
were counted in each analysis to determine the geometric mean fluo-
rescence intensity. Means were compared with ANOVA and Tukey’s
post-hoc multiple comparisons test.

Site-directed Mutagenesis—Mutagenesis of the zinc finger motif in
MNAB was done in pGEX-MNAB using the QuickChange site-directed
mutagenesis kit (Stratagene, La Jolla, CA) according to the manufac-
turer’s instructions. The coding sequences of the complimentary muta-
genic primer pairs (Operon Technologies, Alameda, CA) used were:
C416A, 59-AAATACAAGACTAGCATGGCCCGAGATTTGCGACAGC-
39; C416S, 59-AAATACAAGACTAGCATGAGCCGAGATTTGCGACAG-
C-39; C431A, 59-GTCCACGAGGAACAAATGCTACATTTGCCCATTC-
TCAGG-39; C431S, 59-GTCCACGAGGAACAAATTCTACATTTGCCCA-
TTCTCAGG-39. Altered nucleotides are in bold and underlined. All
mutations were verified by DNA sequencing.

ELISA for DNA Binding—Purified GST or GST fusion proteins were
diluted in ELISA buffer (PBS, 1% bovine serum albumin) to 1 mg/ml and
100 ml of diluted proteins were added to wells of a microtiter plate
containing immobilized calf thymus DNA (United Biotech, Mountain-
view, CA). After 1 h at room temperature the wells were washed with

wash buffer (PBS containing 0.1% bovine serum albumin) and 100 ml of
a 1:1000 dilution of rabbit anti-GST (Sigma) in ELISA buffer were
added. After 1 h at room temperature the wells were washed and 100 ml
of a 1:1000 dilution of horseradish peroxidase-conjugated goat anti-
rabbit IgG (Roche Molecular Biochemicals) in ELISA buffer were added.
After 1 h at room temperature the wells were washed and 100 ml of
chromogenic substrate (3,39,5,59-tetramethyl benzidine, H2O2; Gen-
zyme Diagnostics, San Carlos, CA) were added. Chromogen conversion
was measured by absorbance at 450 nm in a microplate reader (Bio-Tek
Instruments, Winooski, VT).

Nitrocellulose Filter Assay for DNA Binding—Qiagen (Valencia, CA)
column purified pGEM-4Z DNA was linearized with BamHI then se-
quentially extracted with phenol:chloroform:isoamyl alcohol (24:24:1),
chloroform:isoamyl alcohol (24:1) then ethanol precipitated. After re-
suspension the DNA was labeled by a fill-in reaction with the Klenow
fragment of DNA polymerase I and [a-32P]dATP (800 or 3000 Ci/mmol;
NEN Life Sciences, Boston, MA). Unincorporated label was removed by
spin chromatography through Sephadex G-50. The specific activity of
the labeled DNA was determined by precipitation with 10% trichloro-
acetic acid and scintillation counting. For the binding assay, the GST/
MNAB protein and DNA were diluted into binding buffer (20 mM

HEPES, pH 7.4, 75 mM NaCl, 0.5 mM EDTA, 1 mM dithiothreitol, 5%
glycerol, 100 mg/ml bovine serum albumin) to make 2 3 stocks. The
GST/MNAB protein and DNA were combined and incubated for 30 min
at room temperature, then 50-ml aliquots were vacuum filtered (;1
ml/min) through nitrocellulose discs (0.45 mm pore size, Schleicher and
Schuell, Keene, NH). The filters were washed 2 times with 0.5 ml of
binding buffer then counted by scintillation counting in Ecolume (ICN,
Irvine, CA).

RESULTS

Cloning Strategy—One million plaques from a lgt11 lipopo-
lysaccharide-activated human monocyte cDNA library were
screened with an SLE serum that was previously shown to
inhibit DNA binding to cell surfaces (21). Ten clones were
identified and plaque purified. Sequence analysis of the 1.4-kb
clone 88, which was highly reactive on Western blots with the
SLE serum, revealed an open reading frame coding for a partial
protein.2 The reading frame remained open at the 59 end and a
stop codon was found near the 39 end of the clone. Thus, clone
88 coded for the 39 end of a larger protein.

Biotinylated DNA was used to isolate DNA-binding proteins
from the S49 murine cell line. A 150-kDa protein was obtained
that reacted by Western blot with both the SLE serum used to
screen the library and with a rabbit polyclonal antibody that
was raised against the fusion protein encoded by clone 88.2

Thus, clone 88 appeared to be part of a gene that encoded a
DNA-binding protein. The remainder of the gene was cloned
and sequenced from several sources as described under “Mate-
rials and Methods.” A full-length coding sequence was cloned
as a single PCR product from MOLT-4 cDNA. The completed
sequence was 4351 nucleotides in length with a predicted open
reading frame of 3576 nucleotides encoding a protein of 1192
amino acids. The sequence obtained from MOLT-4 cells
matched the sequences obtained from other sources (human
monocytes, Raji, and HeLa cell lines). The gene coding for this
protein has been termed MNAB, for membrane-associated nu-
cleic acid-binding protein.

Gene Expression and Protein Sequence Analysis—A survey of
MNAB gene expression by Northern blot analysis revealed two
major transcripts of 9.5 and 6.8 kb in all human tissues and
cancer cell lines examined (Fig. 1). Several smaller transcript
sizes were also observed in some of those tissues and cell lines.
Expression was most abundant in spleen, testis, ovary, and
small intestine. An homology search using MNAB sequence
identified the genomic sequence which was known to be located
at q34 on chromosome 9 (GenBank accession number 007066,
marker HIM9.89 on Contig CHR9.SL.27). The genomic clone
sequence, which covered 85% of the cDNA starting from the 59
end, revealed the location of 16 complete exons. A Blast search
of the expressed tag sequence (EST) data base indicated wide
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expression of this gene in normal human tissue (liver/spleen,
prostate epithelial, germinal B cell, white adipose, pregnant
uterus, fetal heart/liver, and spleen) and in tumor and trans-
formed cells (Jurkat, HL60, 293, G361, B-cell lymphotic leuke-
mia, colon tumor, melanoma, and parathyroid tumor).

Hydropathy analysis (41) identified a 38-amino acid hydro-
phobic region near the carboxyl terminus of the protein (amino
acids 1133–1171) which is a potential transmembrane domain.
No consensus amino-terminal signal sequence was identified. A
proline-rich region (20%) spanning amino acids 549–809 and 7
consensus sites for N-linked glycosylation at amino acid posi-
tions 122, 394, 430, 451, 466, 468, and 1150, have been identi-
fied (Fig. 2). The calculated isoelectric point of the MNAB
protein is 6.4.

Blast search has also identified two motifs: a C3HC3D RING
finger subtype located near the amino terminus (amino acids
14–50) and a CCCH zinc finger located near the center of the
MNAB protein sequence (amino acids 416–435). An alignment
of several RING finger motifs is shown in Fig. 3A. MNAB
differs from the originally identified C3HC4 RING finger motif
by the replacement of the last cysteine with an aspartic acid.
The alignment of the conserved cysteines and histidines of the
CCCH zinc finger motif is shown in Fig. 3B.

Characterization of MNAB Protein Expression in Mamma-
lian Cells—Immunoprecipitation and Western blotting experi-
ments with anti-MNAB antibodies identified a protein of Mr

;1.5 3 105 in most cells (293, COS7, G361, Hela, HRE605,
Molt-4, Raji, A549, and B16).2 A protein with this same (or
slightly slower) mobility was also detected by immunoprecipi-
tation and/or Western blotting with either rabbit anti-MNAB
or mouse monoclonal anti-HA from lysates of cells (293-MNAB/
flu) stably transfected with an expression vector for a carboxyl-
terminal HA-tagged MNAB (pMNAB/flu, Fig. 4).

Subcellular Protein Localization—Fractionation by centrifu-
gation of Dounce-homogenized 293-MNAB/flu cells into soluble
and crude membrane fractions followed by Western blotting
with either anti-MNAB or anti-HA showed that essentially all
the MNAB protein in those cells was associated with the mem-
brane fraction (Fig. 5A). Indirect immunofluorescence on fixed,
permeablized cells (A549, Fig. 5B; COS7, HeLa2) showed that
anti-MNAB staining was predominantly localized to the pe-
rinuclear region of the cell. No nuclear staining was observed.
Double staining with anti-MNAB and anti-transferrin receptor
antibodies showed partial co-localization of the MNAB and
transferrin receptor. The MNAB did not co-localize with the
transferrin receptor in peripheral endosomes and neither
MNAB nor transferrin receptor were visualized on cell surfaces
suggesting the number of receptors on the cell surface are
below the limits of detection in this assay. Double staining with

anti-MNAB and anti-g-tubulin showed no co-localization,2 in-
dicating that MNAB does not localize to the centrosome. The
observed staining pattern is consistent with the results ob-
tained by cell fractionation and with the protein being located
primarily in the ER or trans-Golgi network. However, these
results do not exclude the possibility that the MNAB protein is
expressed on cell surfaces.

To determine if MNAB is located on the cell surface, human
kidney cell line 293 was incubated with anti-MNAB. Antibody
binding was detected by flow cytometry with fluorescein iso-
thiocyanate-labeled secondary antibodies to rabbit IgG. At all
serum dilutions the fluorescence intensity of the cells incu-
bated with anti-MNAB was significantly higher than that of
cells incubated with preimmune serum (p , 0.003) (Fig. 6)
suggesting that MNAB is expressed on the cell surface. How-
ever, attempts to overexpress the MNAB protein on the cell
surface, as assessed by an increase in DNA or anti-MNAB
antibody binding to the surface of MNAB-transfected cells,
have not been successful.2

Soluble MNAB Fusion Protein Binds DNA—Purified GST/
MNAB fusion protein bound to ELISA plates coated with either
calf thymus DNA (Fig. 7) or plasmid DNA.2 Negative controls
using GST peptide alone or two irrelevant GST fusion proteins
(GST/CBD, GST/HST.1)2 showed no binding. To demonstrate
that the binding of DNA by the soluble form of the MNAB was
not simply due to a charge related interaction, the role in DNA
binding of the zinc finger domain at amino acids 416–435 was
examined (see Fig. 2). Using site-directed mutagenesis, the
codons for the conserved zinc finger cysteines at either amino
acids 416 or 431 were altered to a codon for either alanine or
serine. The mutagenized GST/MNAB fusion proteins were ex-
pressed in E. coli and affinity purified on glutathione-Sepha-
rose, then tested for their ability to bind to immobilized DNA by
ELISA. Mutagenesis of either cysteine 416 or 431 reduced DNA
binding to approximately 50% of the level observed for wild
type GST/MNAB fusion protein (Fig. 7). The affinity of GST/
MNAB for DNA was estimated using a nitrocellulose filter
binding assay (Fig. 8). GST/MNAB (2 nM) and labeled DNA
(200 pM) were titrated with increasing amounts of unlabeled
DNA (0–48 nM). A Scatchard transformation of the data yields
a KD ; 4 nM.

DISCUSSION

Evidence for high molecular weight DNA binding to cell
surfaces, with subsequent internalization via a receptor-medi-
ated mechanism, was first reported in 1985 by Bennett et al.
(31). In an attempt to identify, at the molecular level, a cell-
surface receptor(s) that binds nucleic acids we have cloned a
novel human gene coding for a membrane-associated protein
(MNAB) that binds DNA. The deduced amino acid sequence of
this novel DNA-binding protein has several distinctive fea-
tures, including a RING finger near the amino-terminal, an
internal zinc finger, multiple possible glycosylation sites and a

FIG. 1. Northern blot analysis on blots of human cancer cell
lines (A) and human tissues (B). A 442-bp DNA fragment (probe 11)
from the 39 end of the gene coding for MNAB was used as the radiola-
beled probe for each blot.

FIG. 2. Schematic diagram of MNAB showing the location of
clone 88, the RING finger, zinc finger, proline-rich, and hydro-
phobic regions. An asterisk (*) denotes the consensus potential N-
linked glycosylation sites at amino acid positions 122, 394, 430, 451,
466, 468, and 1150.
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potential transmembrane domain near the carboxyl-terminal
of the protein.

The MNAB gene was found to be widely expressed in human
tissues and is conserved across several species. The most abun-
dant transcripts were shown by Northern blot analysis to be in
the spleen, testis, ovary, and small intestines. MNAB gene
expression was also observed in all tumor and transformed cell
lines examined. A search of the mouse EST data base indicated
conservation of the sequence in the mouse homologue as well.
Several mouse clones were identified that have 76–95% iden-
tical DNA sequence with the MNAB gene. These clones to-
gether spanned 30% of the MNAB gene. A homologous gene
was also identified in Caenorhabditis elegans (GenBank acces-
sion number 3878739) which codes for a protein with 42%
identity and 57% similarity with the amino-terminal portion of
the MNAB protein. No function has yet been assigned to any of
these encoded proteins.

Antibodies to MNAB reacted with a 150-kDa protein and
bound to the surface of intact cells as well as to the perinuclear
region of permeablized cells. When these antibodies were
tested for their ability to inhibit DNA binding to cell surfaces,
no inhibition was observed, a phenomena that could be due to

the antibodies having been directed toward epitopes other than
the DNA-binding domain of the MNAB protein. Overexpres-
sion of MNAB protein in several cell lines produced an increase
of MNAB protein within the cell but not on the cell surface. We
were unable to detect an increase in the binding of DNA or
anti-MNAB antibodies to the cell surface of cells transfected
with the MNAB gene.2 It is possible that when we altered the
Kozak sequence to more closely agree with the consensus se-
quence, the subsequent change of the second codon from a
proline to an alanine may have affected the integrity of the
MNAB protein in such a way that transport and/or insertion
into the membrane was compromised.

It is increasingly evident from the work of several laborato-
ries, that there are probably more than one DNA cell surface-
binding molecule. Five cell-surface proteins ranging in size
from 20 to 143 kDa were found in K562 cells (42) and multiple
membrane proteins ranging from 30 to 110 kDa were found in
Caco-2 cells (43). It may be that the DNA receptor is composed
of several proteins complexed together to form a functional
receptor, and the overexpression of one subunit may not effect
a cell-surface change due to limiting numbers of its co-sub-
units. These proteins may be related by alternative splicing or
post-translational protein processing as is found with the pep-
tidylglycine a-amidating monooxygenase enzyme of pro-opi-
omelanocortin (44). Not only does the gene for peptidylglycine
a-amidating monooxygenase generate multiple RNAs by alter-
native splicing, but the protein products themselves undergo
tissue-specific endoproteolysis such that at least 7 functional
forms of the enzyme exist ranging in size from 35 to 108 kDa.
These products have various combinations of domains which
generate independent soluble or membrane bound forms of the
bifunctional enzyme. The soluble forms lack the transmem-
brane domain. DNA sequence analysis of an homologous
MNAB gene clone from HL60 cells revealed a divergent se-
quence at its 39 end lacking the entire putative transmembrane
domain.2 Since HL60 cells have been found to have a low DNA
binding capacity (,5% by FACS)2 (45), it may be possible that
the MNAB gene variant found in HL60 cells, which lacks the
putative transmembrane domain, codes for a secreted soluble
form of the receptor which is not found on cell surfaces, as has
been observed for other receptors (44, 46–49).

Although, the function of the RING finger domain in the
MNAB protein is not yet characterized, it could be involved in
nucleic acid binding. Recently it was shown that the RING

FIG. 3. A, alignment of conserved cysteines, histidines, and aspartic acids of the C3HC3D RING finger. Homo sapiens ARD1 GTP-binding protein
(GenBank A46054) (66), H. sapiens CART1 protein (GenBank X80200 (67), H. sapiens SBBI03 hypothetical protein (GenBank 5032071), C. elegans
cDNA EST (GenBank 3879246), C. elegans hypothetical 25.8 kDa protein (GenBank 2496825), C. elegans cDNA EST (GenBank 3878739). B,
alignment of conserved cysteines and histidines of the CCCH type zinc finger. C. elegans PIE-1 (GenBank U62896), Drosophila melanogaster DTIS
11 (GenBank U13397), H. sapiens TIS11B Buryrate response factors (EFT Response factor) (GenBank X79066), Saccharomyces cerevisiae CTH1
zinc finger protein (GenBank L42133).

FIG. 4. Analysis of MNAB protein expression in mammalian
cells. Immunoprecipitation of MNAB and HA-tagged MNAB proteins
in stably transfected 293-MNAB/flu cells. Lane 1, lysate of 293 cells;
lane 2, lysate of 293-MNAB/flu cells; lanes 3–6, immunoprecipitation of
293-MNAB/flu cell lysates with: rabbit preimmune serum (lane 3) or
anti-MNAB (lane 4), mouse control monoclonal antibody (lane 5), or
anti-HA (lane 6). Detected by Western blotting with rabbit anti-MNAB.
IgH, immunoprecipitating rabbit IgG heavy chain.
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finger motif in the proto-oncogene MDM2 specifically binds
RNA (50). The consensus RING finger motif is described by the
sequence C-x2-C-x(9–39)-C-x(1–3)-H-x(2–3)-C-x2-C-x(4–48)-C-x2-C,
termed C3HC4, but several variations have been described
(51). The MNAB motif is of the subtype C3HC3D RING finger
where the last cysteine is replaced by an aspartic acid. Other
members of this subtype include CART1 (a member of the
TRAF family, see below), ARD1 GPT-binding protein, various
uncharacterized proteins from C. elegans, and SSBI03 an un-
characterized hypothetical human protein (Fig. 3A). No specific
function has yet been attributed to this subtype of the motif.

There are several hundred cDNAs encoding RING finger
proteins in GenBank (52), and several RING finger subfamilies

have been identified based on the presence of multiple common
motifs. For example, the RING-B box coiled-coil family consists
of proteins with a RING finger and one or two zinc-binding
domains (B-box motif) followed by a leucine coiled-coil domain
(53–55). A different arrangement of motifs describes the TRAF
family members which contain a RING finger domain, a large
cysteine/histidine-rich region, a coiled-coil domain, and a tu-
mor necrosis factor receptor-associated factor (TRAF) domain
(56). A common functionality among subfamily members based
on these groupings of motifs has been reported (51). The
RING-B box coiled-coil family members are proto-oncogenes,
whereas the TRAF family members are involved in signal
transduction pathways. It is interesting to note that the
TRAF-1 gene maps to q33–34 in close proximity to MNAB on
chromosome 9 (57). Another family of RING fingers has been
linked to vacuolar/peroxisome biogenesis (58). In some cases
the RING finger-containing protein is part of a multiprotein
complex (58, 59). Recently the RING finger motifs of eight
otherwise unrelated proteins have been shown to have ubiq-
uitin ligase activity (52, 60). Modification with chains of ubiq-
uitin constitutes the primary mechanism by which proteins are
targeted for proteasomal degradation (61). These findings have
led to the hypothesis that RING finger containing proteins may

FIG. 5. Intracellular location of the MNAB protein. A, MNAB
protein is associated with cell membranes in 293-MNAB/flu cells. T,
Triton X-100 whole cell lysate; M, crude membrane fraction; C, cytosolic
fraction. Detected by Western blotting with anti-HA (left half) or anti-
MNAB (right half). B, immunofluorescence staining for anti-MNAB and
anti-transferrin receptor on fixed, permeablized A549 cells. a, double
stained with rabbit and sheep non-immune sera. b, anti-MNAB. c,
anti-transferrin receptor. d, double stained for anti-MNAB (red) and
anti-transferrin receptor (green); co-localized staining appears yellow.

FIG. 6. Anti-MNAB immune rabbit serum binds to cell surface.
293 cells were incubated with preimmune serum (black bars) or im-
mune serum (white bars). Antibody binding was detected with fluores-
cein isothiocyanate-conjugated goat anti-rabbit IgG by flow cytometry.
Each bar represents the geometric mean fluorescence intensity 6 S.D.
(n 5 3, 10,000 viable cells in each analysis). The geometric mean
fluorescence of the secondary antibody alone was 7.6 6 .08 (n 5 3)

FIG. 7. The MNAB zinc finger domain at amino acids 416–435
participates in DNA binding by GST/MNAB. Altering the zinc
finger cysteines at either 416 or 431 to either a serine (C416S, C431S)
or an alanine (C416A, C431A) reduces their DNA binding by approxi-
mately 50% compared with wild-type GST/MNAB. Nonspecific binding
was estimated with GST alone. Two irrelevant non-DNA binding GST
fusion proteins were also used to determine nonspecific binding.2 Data
are the mean 6 S.D. of triplicate determinations.
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regulate a wide variety of cellular activities, such as growth
factor receptor signaling, cell cycle progression, and DNA re-
pair by facilitating ubiquitin-dependent degradation of key
components of these processes. Whether the RING finger motif
in the MNAB protein mediates DNA binding and/or ubiquiti-
nation remains to be established.

The zinc finger in the MNAB protein may participate in DNA
binding because mutagenesis of a single conserved amino acid
in this domain significantly reduced DNA binding. However, it
is possible that mutagenesis of a single amino acid resulted in
a change in the confirmation of the MNAB protein, limiting its
ability to effectively bind DNA. The MNAB motif is of the
CCCH subfamily of zinc finger motifs which is comprised of the
consensus sequence YKTELC-x8-C-x5-C-x3-H usually found in
tandem. The MNAB protein contains a single motif in which
three (YKT) of the 5 amino acids (YKTEL) leading into the first
cysteine are conserved (see Fig. 3). The function of this motif in
the majority of subfamily members is largely uncharacterized,
however, one other member of this subfamily, the zfs1 protein,
has been reported to bind DNA (62). Recently, tristetraprolin,
the prototype of the CCCH subfamily, has been shown to bind
RNA via its zinc finger. Tristetraprolin regulates expression of
tumor necrosis factor-a by binding to the AU-rich element in
the tumor necrosis factor-a mRNA targeting it for degradation
(63, 64). Tristetraprolin also appears to regulate granulocyte
macrophage-colony stimulating factor mRNA stability by a
similar mechanism (65).

In summary, we have cloned a novel human gene coding for
a membrane-associated protein. Given the wide expression of
the MNAB gene, both within and between species, this protein
most likely has a role in non-organ specific cellular processes.
The MNAB protein binds DNA with relatively high affinity,
suggesting that this may be an important function for this
molecule. The demonstration that this membrane-associated
DNA-binding protein is a cell-surface receptor critical in the
binding and internalization of extracellular DNA awaits defin-
itive confirmation of its location on the cell surface.
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