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ABSTRACT The binding of the human immunodeficiency
virus (HIV) envelope glycoprotein gp120 to the cell surface
receptor CD4 has been considered a primary determinant of
viral tropism. A number of cell types, however, can be infected
by the virus, or bind gp120, in the absence of CD4 expression.
Human placenta was identified as a tissue that binds gp120 in
a CD4-independent manner. A placental cDNA library was
screened by expression cloning and a cDNA (clone 11) encoding
a gp120-binding protein unrelated to CD4 was isolated. The
1.3-kilobase cDNA predicts a protein of 404 amino acids with
a calculated M, of 45,775 and organized into three domains: an
N-terminal cytoplasmic and hydrophobic region, a set of seven
complete and one incomplete tandem repeat, and a C-terminal
domain with homology to C-type (calcium-dependent) lectins.
A type II membrane orientation (N-terminal cytoplasmic) is
predicted both by the cDNA sequence and by the reactivity of
C-terminal peptide-specific antiserum with the surface of clone
11 transfected cells. Native and recombinant gp120 and whole
virus bind transfected cells. gp120 binding is high affinity (Kg,
1.3-1.6 nM) and inhibited by mannan, D-mannose, and L-fu-
cose; once bound, gp120 is internalized rapidly. Collectively,
these data demonstrate that the gp120-binding protein is a
membrane-associated mannose-binding lectin. Proteins of this
type may play an important role in the CD4-independent
association of HIV with cells.

One of the first steps in the infection of T cells with human
immunodeficiency virus (HIV) is binding of the envelope
glycoprotein gp120 to the differentiation antigen CD4 (see ref.
1 for review). The observation of HIV infection of (2-7), and
gp120 binding to (8), a number of cell types in the absence of
detectable CD4 expression suggests that CD4-independent
mechanisms of viral entry also exist. This apparent absence
of a strict requirement for CD4 potentially broadens the
tissue tropism of the virus. In addition, direct infection by
HIV may not always be required to elicit cytopathic effects.
For example, CD4-independent binding can occur in neural
tissue (8, 9), and exposure of neuronal cultures to gp120 can
result in cytotoxicity (9, 10).

The identification of non-CD4 HIV receptors is important
if the diverse clinical manifestations observed in HIV infec-
tion are to be understood. In this report we describe the use
of a eukaryotic expression system (11, 12) to screen cDNAs
derived from human placenta, a tissue that exhibits CD4-
independent binding of gp120. A cDNA clone was isolated
that encodes a gp120-binding protein distinct from CD4. This
protein has structural features and binding characteristics
that indicate it is a member of the family of C-type mannose-
binding proteins.¥
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MATERIALS AND METHODS

Expression Cloning. Pools of 90,000 cDNAs from a pla-
cental pCDMS library (a gift from B. Seed, Harvard Medical
School) were transfected by electroporation into COS-7 cells.
After 3 days, transfected cells were screened for binding with
1 nM ZI-labeled recombinant vaccinia virus-derived gp120
(vgp120) (refs. 8, 11-13; A. Blomstedt, S. Olofsson, E.
Sjogren-Jansson, S. Jeansson, L. Akerblom, J.-E. S. Hansen,
and S.-L. Hu, personal communication) after a 1-hr prein-
cubation with CD4a antibody G17-2 (5 ug/ml) by visual
inspection of single cells after autoradiography (3-day expo-
sure). [Antibody G17-2 belongs to the CD4a subgroup of CD4
antibodies that block both gp120 binding to CD4 and viral
infection (15).] After =30 pools had been screened a positive
pool was identified and rescreened as successively smaller
pools to yield a single cDNA (clone 11). Cells expressing CD4
were obtained following transfection with an equal amount of
wH3MCD4 (16). Specificity to gp120 binding was assigned by
binding of gpl20 purified from HIVgry (native gpl20,
ngp120) (17), block of binding by baculovirus-derived gp120
(bgp120) (American Biotechnologies, Columbia, MD), and
elimination of binding by immunoprecipitation of the 125]-
labeled gp120 preparation with the anti-gp120 monoclonal
antibody 110.1 (15), anti-mouse IgG, and protein A-Sepha-
rose. Untransfected COS cells did not display a density of
silver grains greater than the background.

Sequencing and Analysis. Clone 11 cDNA in pCDM8 was
sequenced on both strands by the dideoxy chain-termination
method. Hydropathy was assigned by a Kyte-Doolittle plot
(7-residue window) obtained with the Wisconsin Genetics
Computer Group package, and sequence alignments and
ALIGN scores were generated using PC/GENE.

Ligand Binding, Inhibition, and Internalization Assays.
Binding assays were conducted essentially as described (12).
For inhibition assays, transfected COS cells or gp120 was
preincubated for 1 hr with inhibitor. In ligand internalization
assays, transfected COS cells were incubated with 1 nM
125].gp120 for 5 hr at 4°C, washed, and incubated at 37°C for
the time indicated; surface and internalized gpl20 were
separated by acid treatment (18).

Stable Transfection of HeLa Cells. Clone 11 cDNA was
inserted in the HindIII/Not I sites of pcDNAI/Neo vector
(Invitrogen, San Diego). HeLa cells were transfected by a
calcium phosphate procedure and, after 3 days, selected with
Geneticin (GIBCO). Resistant cells were initially enriched for
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expression of the gp120-binding protein by two rounds of
sterile sorting on a Coulter flow cytometer following staining
with fluorescein-labeled bgp120 (American Biotechnologies).
Subsequent selection used vgp120 labeled by incubation with
the anti-gp120 monoclonal antibody 110-4 (15), followed by a
fluorescein-labeled anti-mouse Ig reagent. In total, four cy-
cles of selection were used. Expression of gpl120-binding
protein over time was followed by staining with vgp120 (100
nM), antibody 110-4, and fluorescein-conjugated anti-mouse
reagents. vgp120 binding was inhibited by preincubating cells
with mannan (2-4 mg/ml; Sigma) for 30 min.

Generation of Rabbit Antisera. A peptide (564A) corre-
sponding to the C terminus of the polypeptide encoded by
clone 11 cDNA (Cys3%-Ala**) was conjugated to ovalbumin
and used to immunize rabbits. Sera were used following a
second booster injection, and titers in peptide ELISAs ex-
ceeded 500,000.

RESULTS

cDNA Library Screening. Human placental membranes
were found to bind recombinant vgp120 in the presence of
antibodies that efficiently block gp120 association with CD4.
Fifty to 90% of placental gp120 binding was estimated to be
non-CD4. To attempt to identify the protein responsible, a
placental cDNA library in the vector pPCDM8 was screened
by expression cloning procedures. COS cells were trans-
fected with pools of cDNAs and CD4-independent gp120
binding activity was detected with radiolabeled vgp120 in the
presence of the CD4a antibody G17-2, which blocks binding
of gp120 to CD4. After =30 pools had been screened, a
positive pool was identified and rescreened as successively
smaller pools to yield a single cDNA (clone 11).

Affinity and Characteristics of gp120 Binding. Scatchard
plots of gp120 binding to COS cells transfected with clone 11
cDNA gave a K3 0f 1.7 + 0.4 nM (n = 4) for vgp120 and 1.8
+ 0.2 nM (n = 4) for ngp120 (Fig. 1A), similar to the results
obtained with isolated placental membranes (K3 = 1.3 nM) in
the presence of CD4a antibodies (Fig. 1A4). Calculations from
the association and dissociation rate constants gave a similar
comparative result. Concurrent analysis of gp120 binding to
CD4 expressed on COS cells gave a Ky of 4-5 nM in
agreement with previous reports (15, 19). Binding of vgp120
to clone 11 transfected cells was inhibited by bgp120 and
ngp120 isolated from purified HIVgry. Undisrupted psora-
len/UV-inactivated HIVgry also bound clone 11 transfected
cells in a gp120-dependent manner (data not shown).
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FiG.1. Characterization of gp120 binding. (A) Scatchard analysis
of 125]-gp120 binding. A, vgp120 binding to placenta (Kq4, 1.3 nM;
Bumax, 19 fmol/mg of protein); m, with CD4a antibody (5 ug/ml); o,
vgp120 binding to clone 11 COS cells (K4, 1.5 nM; Bmax, 150,000
receptors per cell); ®, ngpl20 (Kq4, 1.6 nM; 149,000 receptors per
cell). (B) Internalization of gp120 by clone 11-expressing COS cells.
Points represent the mean of two experiments with vgp120 and
ngpl20. Transfected COS cells were incubated with 125I-gp120 for 5
hr at 4°C prior to acid stripping procedures, which were conducted
at 37°C. e, Surface; O, internal.
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The fate of gp120 bound to the surface of transfected COS
cells was also examined. In these experiments, 125I-gp120
was incubated with cells for S hr at 4°C and internalization of
the bound gp120 at 37°C was determined using acid stripping
procedures (18) to remove cell-surface 1251-gp120. The gp120
was rapidly converted to an acid-resistant form at 37°C (Fig.
1B), consistent with the ability of the gp120-binding protein
to mediate ligand internalization into the cell.

Predicted Structure of gp120-Binding Protein. The 1.3-
kilobase clone 11 cDNA encodes a protein of 404 amino acids
with a calculated M, of 45,775 (Fig. 2). No signal sequence is
apparent, but a 21-residue hydrophobic tract (Gly*!-Ser!) is
present 40 residues from the N terminus (Fig. 3A). These
features suggest a type II membrane orientation (N-terminal
cytoplasmic), which is also supported by the distribution of
positively charged amino acids within 15 residues of the
hydrophobic region [‘‘positive-inside’’ rule (20)]. A series of
seven complete and one incomplete tandem repeat (Ile’’-
Val?4) of nearly identical sequence follows. The remaining
sequence, Cys23-Ala*™, shows homology to C-type lectins
(Fig. 3B): chick hepatic lectin (21), low-affinity IgE receptor
(22), the asialoglycoprotein receptors [human H1 and H2 (23)
are shown], the rat Kupffer cell receptor (24), and the human
macrophage mannose receptor (25, 26).

Binding Inhibition Studies. The sequence homology of the
gp120-binding protein to C-type lectins prompted evaluation
of the role of sugars in recognition of gp120. Inhibition by a
series of saccharides is shown in Fig. 4. Galactose and
N-acetylgalactosamine did not block gp120 binding to clone
11-expressing COS cells. Mannan was the most potent in-
hibitor (ICso, 6 pg/ml), followed by L-fucose (K;, 6 mM);
a-methyl b-mannoside (K, 15 mM), p-mannose (Kj, 23 mM);
and N-acetylglucosamine (K;, 70 mM). Human IgE, sialic
acid, and mannose 6-phosphate had no effect on binding. As
expected for a C-type lectin, the binding of gp120 to clone 11
required calcium and was blocked by EGTA (Xj, 0.3 mM).
None of these sugars affected gp120 binding to CD4. Immune
serum from an HIV-infected donor did block gp120/CD4
binding but not binding associated with the gp120-binding
protein (data not shown).

Membrane Expression and Orientation of the gp120-Binding
Protein. To provide additional evidence for the type II
membrane orientation predicted by the cDNA sequence, the
gp120-binding protein was expressed in HeLa cells by trans-
fection with clone 11 cDNA ligated in the vector pcDNAI/
Neo. After Geneticin selection, a high-binding population
was enriched for by sterile sorting on a flow cytometer
following staining with directly or indirectly fluorescein-
conjugated gp120. Repeated sterile sorting after culture ex-
pansion resulted in a population of cells showing stable
expression of the gp120-binding activity and with a growth
phenotype indistinguishable from the parental, untransfected
line. No evidence of cell aggregation was found, suggesting
that the expressed lectin was not recognizing glycoproteins
resident on the surface of adjacent HeLa cells. Following
extended passage, the cells still bound high levels of vgp120
in a mannan-inhibitable manner (Fig. SA).

Immunoprecipitation analyses revealed that the gpl20-
binding protein expressed on the transfected HeLa cell
surface had a molecular mass of =46 kDa (data not shown),
consistent with size predicted from the cDNA sequence.
Flow cytometry studies using rabbit antiserum to the C-ter-
minal peptide 564A confirmed the type II cell surface orien-
tation of the gp120-binding protein on the transfected HeLa
cells (Fig. 5B). No staining was seen with preimmune serum
or with untransfected HeLa cells.

DISCUSSION
A placental library was chosen as the source of cDNA for
screening by expression cloning because placental membranes,
like neural tissue, bind gp120 in a CD4-independent manner.
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CTAAAGCAGGAGTTCTGGACACTGGGGGAGAGTGGGGTGAC
ATGAGTGACTCCAAGGAACCAAGACTGCAGCAGCTGGGCCTCCTGGAGGAGGAACAGCTG
M 8 D S XK E P RL QQULGULULETETET QL

AGAGGCCTTGGATTCCGACAGACTCGAGGATACAAGAGCTTAGCAGGGTGTCTTGGCCAT
R 6L G F RQTURGYXKSLAGT CULGH

GGTCCCCTGGTGCTGCAACTCCTCTCCTTCACGCTCTTGGCTGGGCTCCTTGTCCAAGTG
6 P L V L O L L s F T L L A G L L V OV

TCCAAGGTCCCCAGCTCCATAAGTCAGGAACAATCCAGGCAAGACGCGATCTACCAGAAC
S K VP S S I S QEQ S ROQDATI VYO QN
Rl *
CTGACCCAGCTTAAAGCTGCAGTGGGTGAGCTCTCAGAGAAATCCAAGCTGCAGGAGATC
]’..'.I‘QLKAAVGELSEl(sI(LQF}‘IR
2
TACCAGGAGCTGACCCAGCTGAAGGCTGCAGTGGGTGAGCTTCCAGAGAAATCTAAGCTG
Y Q EL T QUL KAA AUV G ELUPETIKSIKIL

CAGGAGATCTACCAGGAGCTGACCCGGCTGAAGGCTGCAGTGGGTGAGCTTCCAGAGAAA
Q E I ¥ Q EL TURULI KA AAV G ETULUPEK
R3
TCTAAGCTGCAGGAGATCTACCAGGAGCTGACCTGGCTGAAGGCTGCAGTGGGTGAGCTT
S XL Q E I Y Q EL TWULI KA ARBAUV G EL
R4
CCAGAGAAATCTAAGATGCAGGAGATCTACCAGGAGCTGACTCGGCTGAAGGCTGCAGTG
P E K 8§ X M Q EI Y Q EL TURULIKW A AA LMYV
RS
GGTGAGCTTCCAGAGAAATCTAAGCAGCAGGAGATCTACCAGGAGCTGACCCGGCTGAAG
G EL P E K S K Q Q EI Y Q EL TR RUL K
R6
GCTGCAGTGGGTGAGCTTCCAGAGAAATCTAAGCAGCAGGAGATCTACCAGGAGCTGACC
A AV G EL P EK S XK QQE1I Y Q ELT
R7
CGGCTGAAGGCTGCAGTGGGTGAGCTTCCAGAGAAATCTAAGCAGCAGGAGATCTACCAG
R L K A AV G EL P EIK S K QOQETIYDQ
R8
GAGCTGACCCAGCTGAAGGCTGCAGTGGAACGCCTGTGCCACCCCTGTCCCTGGGAATGG
E L TQUL K AAVERULTCGCHU®PTGCUPUWEW

L
ACATTCTTCCAAGGAAACTGTTACTTCATGTCTAACTCCCAGCGGAACTGGCACGACTCC
T F F Q GNCY FM SN S QRNWHDS

ATCACCGCCTGCAAAGAAGTGGGGGCCCAGCTCGTCGTAATCAAAAGTGCTGAGGAGCAG
I T A CKE V G A QUL UV VI K S ATETEDQQ

AACTTCCTACAGCTGCAGTCTTCCAGAAGTAACCGCTTCACCTGGATGGGACTTTCAGAT
N F L QL Q S 8RS NIRVFTWMGULSD

CTAAATCAGGAAGGCACGTGGCAATGGGTGSACGGCTCACCTCTGTTGCCCAGCTTCAAG
L NQ EG T WQW VDG S PVLUL P S F K

CAGTATTGGAACAGAGGAGAGCCCAACAACGTTGGGGAGGAAGACTGCGCGGAATTTAGT
Q Y WNIRGEUPNNUVGETEDTGCA ATETF s

GGCAATGGCTGGAACGACGACAAATGTAATCTTGCCAAATTCTGGATCTGCAAAAAGTCC
G N G W NDUDI KT CNULAIKT FUWICTIKIEKS

GCAGCCTCCTGCTCCAGGGATGAAGAACAGTTTCTTTCTCCAGCCCCTGCCACCCCAAAC
A A S C S RDZETEU QT FL S PAUPATUZPN

CCCCCTCCTGCGTAGCAGAACTTCACCCCCTTTTAAGCTACAGTTCCTTCTCTCCATCCT
P P P A w&s
TCGACCTTTAG

Proc. Natl. Acad. Sci. USA 89 (1992)

Fi1G. 2. Nucleotide and deduced amino acid sequence of clone 11 cDNA. The nucleotide sequence preceding the first ATG agrees with the
Kozak consensus for translation initiation. The membrane-spanning sequence is underlined and the potential N-linked glycosylation site is
marked by a star. The starts of the seven complete and eighth partial repeat (R1-R8) and the beginning of the lectin domain (L) are indicated.

The cDNA isolated encodes a 404-amino acid protein
organized into three distinct domains. The sequence predicts
a type II membrane orientation (N-terminal cytoplasmic) as
suggested by the apparent absence of a signal sequence and
the presence of a hydrophobic stop/transfer or anchor se-
quence (Gly*-Ser%!) in the first domain. Application of the
‘“‘positive-inside rule’’ (20) for the sequence within 15 resi-
dues of the hydrophobic region also predicts a cytoplasmic N

terminus in agreement with the homology to membrane-
associated C-type lectins with similar membrane orientation
(27) (Fig. 3B). In addition, the reactivity with stably trans-
fected cells of antiserum to the C-terminal peptide 564A
supports this orientation (Fig. 5B).

The second domain consists of seven complete and one
partial tandem repeat. Circular dichroism spectra in 40%
trifluoroethanol of a consensus repeat peptide beginning with
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Fic. 3. (A) Hydropathicity plot. The predicted transmembrane segment (TM) is bracketed and the starts of the eight amphipathic repeats
are indicated by arrows. (B) Amino acid alignment of the clone 11 C-type lectin domain. Residues identical to the gp120-binding protein (clone
11) are boxed. ALIGN scores > 3.0 indicate significant sequence similarity. CHL, chicken hepatic lectin; IgER, low-affinity IgE receptor; H1
and H2, human asialoglycoprotein receptors; Kupff, rat Kupffer cell receptor; Mannr, human macrophage mannose receptor.

the p-turn PEKSKLQEIYQELTQLKAAVGEL (single-
letter amino acid code) demonstrated an all-a-helical struc-
ture (data not shown). Homology to other repeat domains
suggested possible tertiary structures including antiparallel
helix bundles or a multimeric parallel helix bundle, which
would function as spacers to separate the lectin domain from
the membrane.

The third domain shows homology to other C-type lectins
and contains the conserved motif Trp-Asn-Asp, typical of
this group (25). As shown in Fig. 3B, the most closely related
sequences were the group of type II membrane protein
C-type lectins: chick hepatic lectin (21), low-affinity IgE
receptor (22), the asialoglycoprotein receptors (23), and the
rat Kupffer cell receptor (24). The most similar mannose-
binding lectin was one of the eight carbohydrate-recognition
domains of the human macrophage mannose receptor (25,
26).

Despite the higher homology to lectins that bind terminal
galactose and N-acetylglucosamine/galactosamine (27), in-
hibition studies using sugars and purified gp120 suggest that
the terminal mannose residues of high-mannose chains are
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F1G. 4. Inhibition of gp120 binding to COS cells expressing the
gpl120-binding protein. Both ngpl120 (open symbols) and vgpl20
(filled symbols) were used and the relative values were the same with
both forms of gp120. Mannan concentration is expressed as mg/ml.
0, Mannan (ICso, 6 ug/ml); @, L-fucose (Ki, 6 mM); A, a-methyl
p-mannoside (Kj, 15 mM); 0, D-mannose (K;, 23 mM); <, N-acetyl-
glucosamine (K;, 70 mM); m, EGTA (Xj, 0.3 mM).

the primary determinants of binding. For these experiments
three forms of gp120 were used: bgp120, which contains only
high-mannose structures (28), and vgp120 and ngp120, which
contain high-mannose and complex forms (29-31). All three
forms have terminal mannose residues in common and all
bound with similar affinity (Fig. 1A).

A number of studies have pointed to the importance of HIV
envelope oligosaccharide side chains (32-35) and, specifi-
cally, mannose residues (36-38) in viral infectivity and syn-
cytium formation. The high-affinity recognition of these
residues by cell-associated mannose-binding lectins also pre-
dicts that such side chains may play a significant role in
CD4-independent gp120 binding. Since the affinity of the
mannose-binding protein for gpl20 exceeds that of CD4,
lectins of this type would be effective competitors for gp120
and viral binding on those cells that also express CD4.

] 0 100 1000

F1G.5. Stable expression of gp120-binding protein on HeLa cells.
HeLa cells were transfected with pcDNAI/Neo vector containing
clone 11 cDNA, selected with Geneticin, and sterile-sorted by flow
cytometry to enrich for high expression. (A) Flow cytometric anal-
ysis of transfected HeLa cells incubated with vgp120 (100 nM) (—),
with buffer (- - -), or with mannan (4 mg/ml) followed by vgp120 (100
nM) (- - - -). vgp120 binding was detected by antibody 110-4 followed
by a fluorescein-labeled anti-mouse Ig reagent. (B) Reactivity of
clone 11-transfected (Upper) or control (Lower) HeLa cells with
rabbit preimmune serum (- - -) or antiserum to peptide S64A (—).
Ordinate, cell number per channel; abscissa, log green-channel
fluorescence.
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Both the mannose-specific plant lectins (32, 34, 36, 38) and
the human serum 32-kDa mannose-binding protein (39) can
inhibit infection of T cells by HIV by a mechanism that does
not appear to substantially disrupt gp120/CD4 interactions
(38, 40). The consequences of virus binding to a membrane-
associated mannose-binding protein are not known, how-
ever, and could include CD4-independent infection, as has
been suggested in macrophages (40), or entry of the virus into
an endosomal pathway and inactivation in the lysosomal
compartment, or as seen in epithelial cells, transcytosis (14,
41). Preliminary HIV infection studies on clone 11 trans-
fected HeLa cells are consistent with a role of this lectin in
virus binding and internalization, but not infection of these
cells (data not shown).

Mannose-binding proteins appear to be able to discriminate
between the carbohydrate structures present on gp120 and
those present on the surface of normal cells. Since glycosy-
lation of gpl120 is directed by host cellular enzymes, this
suggests that control of normal cellular glycosylation mech-
anisms is disrupted by HIV infection. The ability to differ-
entiate viral from host cell oligosaccharides raises the pos-
sibility of a therapeutic role for mannose-binding proteins in
HIV infection.
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