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Antibodies to Asp-Asp-Glu-Asp Can Inhibit
Transport of Nuclear Proteins into the Nucleus

YOSHIHIRO YONEDA, NAOKO IMAMOTO-SONOBE, YOSUKE MATSUOKA,
Ryo IwamoTto, Yukio KiHO,* TsuvosHI UCHIDAT

The signal sequence of simian virus 40 (SV40) large T-antigen for translocation into
the nucleus is composed of positively charged amino acids Lys-Lys-Lys-Arg-Lys.
Rabbit antibodies to a synthetic peptide containing the negatively charged amino acid
sequence Asp-Asp-Asp-Glu-Asp were obtained. Indirect immunofluorescence of the
antigens recognized by the antibody was punctate at the nuclear rim or the nuclear
surface, depending on the plane of focus. The antibody blocked transport of nuclear
proteins into the nucleus. The antigens recognized by the antibody were predominant-

ly localized to the nuclear pores.

UCLEAR PROTEINS HAVE SPECIFIC

signal sequences that are necessary

for their transport from the cyto-
plasm into the nucleus (7). Colloidal gold
particles coated with nucleoplasmin and in-
jected into the cytoplasm of Xenopus oocytes
enter the nucleus through nuclear pores (2).
Wheat germ agglutinin binds to O-linked
N-acetylglucosamine (GIcNAc) residues of
nuclear pore complex proteins and inhibits
import of proteins into the nucleus in vivo
(3) and in vitro (4). The nuclear targeting
signal of S$V40 large T antigen is composed
of positively charged amino acids and has
the characteristic sequence KKKRK (1, 5).
Other nuclear proteins are reported to have
similar sequences (6). When the SV40 large
T-antigen signal sequence is conjugated to
nonnuclear proteins with molecular sizes of
more than 68 kD (too large to enter the
nucleus by passive diffusion) and these are
injected into the cytoplasm of cells, these
conjugates are transported into the nucleus
within 30 min, without cell division (7).
Thus, the signal sequence of SV40 large T
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antigen may be the active nuclear transport
signal.

“Receptors™ that interact with the signal
sequence may have a negatively charged
region electrostatically complementary to
the positively charged signal sequence. The
putative signal sequence-binding site might
contain either DDDED or EEEDE. We
therefore synthesized these peptides (Table
1) and prepared and purified antibodies to
them (Fig. 1). The antibodies consisted
almost exclusively of immunoglobulin G
(IgG) and reacted specifically with the cor-
responding peptides (Fig. 1, A and B) (8),
but did not react directly with iodinated
nucleoplasmin (Fig. 1C). Almost the same
result was obtained with bovine serum albu-
min (BSA) conjugated to the nuclear target-
ing sequence of either SV40 large T antigen
or polyoma virus large T antigen (SV40 T—
BSA or polyoma T-BSA).

We used indirect immunofluorescence to
determine the intracellular locations of the
antigens recognized by these antibodies.
Both kinds of antibodies gave similar results,
although 10 to 20 times as much anti-
EEEDE as anti-DDDED was required for
equal staining. In interphase cells anti-
DDDED stained mainly the nucleus, with
weak staining of the cytoplasm (Fig. 2A). At
higher magnification (Fig. 2, C, D, and E),
the immunofluorescence of the nucleus ap-
peared punctate. Depending on the plane of
focus, the punctate staining was seen at the
nuclear rim (Fig. 2C) or the nuclear surface
(Fig. 2, D and E). A punctate pattern was
also seen in the cytoplasm close to the
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nucleus (Fig. 2E), although it varied in
extent from cell to cell. These results were
similar to those obtained by others, which
suggested that the molecules recognized by
their antibodies were localized in the nuclear

At mitosis, the punctate pattern disap-
peared and the fluorescence became diffuse
throughout the cell (without staining of
chromatin); the punctate staining reap-
peared at telophase. Similar results were

pore complex (9). obtained with other cell lines such as human
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Fig. 1. Characterization of anti-DDDED and anti-EEEDE by immunoprecipitation. Synthetic pep-
tides DDDED and EEEDE were chemically conjugated to keyhole limpet hemocyanin (KLH) as
described (3, 7, 17). Rabbit anti-DDDED and anti-EEEDE were prepared by intramuscular or
subcutaneous injection of DDDED-KLH or EEEDE-KLH, and were absorbed with 2-fluoro-1-
methylpyridinium toluene-4-sulfonate (FMP)-activated Avid—gel F (Bioprobe International, Inc.)
conjugated to 4-(p-maleimidophenyl) butylate (MPB)-KLH. Antibodies specific for DDDED and
EEEDE were purified by affinity chromatography on DDDED- or EEEDE-conjugated Avid-gel F.
Iodinated proteins (1.0 to 1.5 pg; 1.0 x 10° to 1.5 X 10° cpm/p.g) were immunoprecipitated with
antibody (30 to 40 ug) and Protein A-Sepharose CL-4B and subjected to SDS—polyacrylamide gel
electrophoresis (PAGE) (10% separating gel) with subsequent autoradiography. (A) '*I-labeled
DDDED-ovalbumin immunoprecipitated with anti-DDDED (lanes 2 to 5) or nonimmune rabbit IgG
(lane 1). The immunoprecipitates were formed in the presence of excess amounts of nonlabeled
ovalbumin (lane 3), DDDED-ovalbumin (lane 4), or DDDED-KLH (lane 5). Lane 6, '*I-labeled
DDDED-ovalbumin. (B) !*I-labeled EEEDE-ovalbumin immunoprecipitated with anti-EEEDE
(lanes 2 to 5) or nonimmune rabbit IgG (lane 1). The immunoprecipitates were formed in the presence
of nonlabeled EEEDE-KLH (lane 2), EEEDE-ovalbumin (lane 4), or ovalbumin (lane 5). Lane 6,
125]labeled EEEDE-ovalbumin. (C) 'ZI-labeled nucleoplasmin immunoprecipitated with anti-
DDDED (lane 1), anti-EEEDE (lane 2), nonimmune rabbit IgG (lane 3), or rabbit antibody to
nucleoplasmin (lane 4). Lane 5, '*I-labeled nucleoplasmin. The molecular sizes (in kilodaltons) of
protein standards are indicated on the right in each panel.

Cc D E

Fig. 2. Indirect immunofluorescence staining of F2408 rat fibroblast cells with rabbit anti-DDDED.
F2408 cells were plated on cover slips and fixed with 3.7% formaldehyde at room temperature for 20
min, and then treated with methanol at —20°C for 5 min. Cover slips were incubated with affinity-
purified anti-DDDED and then with fluorescein isothiocyanate (FITC)—conjugated goat antibody to
rabbit IgG (anti-IgG). Cells were examined by phase contrast (B) and fluorescence (A and C to E)
microscopy and photographed. (C), (D), and (E) show the cells at high magnification.
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embryonic lung (HEL) cells, Madin-Darby
bovine kidney (MDBK) cells, and Swiss
3T3 murine fibroblasts.

These antibodies were then examined for
their effect on nuclear translocation of pro-
teins. Anti-DDDED (5 mg/ml) almost com-
pletely inhibited the nuclear transport of
nucleoplasmin, SV40 T-BSA, and polyoma
T-BSA (Fig. 3A) (10). These results were
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Fig. 3. Effects of various antibodies on nuclear
transport of nucleoplasmin, SV40 T-BSA, and
polyoma T-BSA. (A) Anti-DDDED (5 mg/ml)
(a, ¢, €) or nonimmune rabbit IgG (b, d, f) was
injected with nucleoplasmin (0.8 mg/ml) into the
cytoplasm of HEL cells (3, 18); the cells were
incubated for 30 min at 37°C and then fixed as
described in Fig. 2. To determine the subcellular
location of the injected proteins, the cells were
then incubated with a mixture of three kinds of
mouse monoclonal antibodies to nucleoplasmin,
or sheep antibody to BSA, and then with FITC-
conjugated anti-IgG. (B) Various concentrations
of anti-DDDED (@, O), anti-EEEDE (A, A), or
nonimmune rabbit IgG (W, ) were injected into
the cytoplasm of HEL cells with nucleoplasmin
(0.8 mg/ml) (@, A, B) or SV40 T-BSA (0.6 mg/
ml) (O, A, O). After 30 min, the cells were
treated as described above. Percent inhibition was
determined from counts of the number of cells in
which the fluorescence was found in the cyto-
plasm and the total number of cells injected.
Counts were made on totals of 100 to 150 cells
for each point.

SCIENCE, VOL. 242



reproduced with the cell lines F2408,
MDBK, and Swiss 3T3 cells. To determine
the concentration dependence of the inhibi-
tion by anti-DDDED and anti-EEEDE, we
injected nucleoplasmin or SV40 T-BSA
with various amounts of the antibodies into
the cytoplasm of HEL cells. Nuclear trans-
port of both nucleoplasmin and SV40 T—
BSA was inhibited in a dose-dependent
manner by co-injection of anti-DDDED
(Fig. 3B). Since the solution injected into
the cytoplasm was diluted about tenfold in
the cells, and the antibody specific for the
DDDED sequence accounted for 22% of
the antibody in the preparation, the actual
amount of anti-DDDED required for 50%
inhibition was about 0.35 pM (55 pg/ml).
However, the anti-EEEDE preparation had
only 1/10 to 1/5 the inhibitory effect of the
ant-DDDED preparation (Fig. 3B), yet
65% of the antbody was specific. Thus,
and-EEEDE was about 1/15 to 1/30 as
inhibitory as anti-DDDED.

Anti-DDDED reacted not only with the
corresponding  peptide, GGDDDEDGG
(Fig. 1A), but was also almost as reactive
with VEDDEDED. The affinity-purified
antibody to VEDDEDED inhibited nuclear
transport almost as effectively as anti-
DDDED. Thus the antibodies specific for
the DDED sequence were inhibitory. The
inhibitory activity of the antibody in the
cells was maintained at almost maximum
levels for 3 hours, and then gradually de-
creased (11).

To further localize the antigen recognized
by ant-DDDED, we fractionated rat liver

Fig. 4. (A) Immunoblot of cellular
proteins identified with anti-
DDDED and anti-EEEDE. Prepa-
rations subjected to SDS-PAGE
(10% separating gel) are described
in Table 2. The rat liver nuclear
fraction (lanes 1 to 5) was subjected
to SDS-PAGE and transferred elec-
trophoretically to nitrocellulose
sheets. We used Coomassie brilliant
blue staining of the gel (lane 1) and
immunoblot staining (lanes 2 to 5).
The nitrocellulose sheets were incu-
bated in phosphate-buffered saline
at 70°C for 1 hour immediately
before incubation with the first
antibodies (18.2 ug/ml): anti-
DDDED (lanes 2 and 3), anti-
EEEDE (lane 4), and nonimmune
rabbit IgG (lane 5). Lane 3 was
incubated with the antibody in the
presence of DDDED-peptides (2

'ml). The sheets were washed
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cells and examined which fraction can ab-
sorb the inhibitory activity of the antibody.
The inhibitory activity was partially ab-
sorbed by nuclei, more effectively by low-
salt detergent—treated nuclear envelope and
most effectively by high-salt detergent ex-
tract of the nuclear envelope (Table 2),
known to contain the previously identified
nuclear pore complex (9). In contrast, the
inhibitory activity of anti-DDDED was only
weakly absorbed by the cytoplasmic fraction
or deoxyribonuclease (DNase) I extract. The
immunoabsorption data and the immuno-
fluorescence data (Fig. 2) suggest that the
antigens recognized by anti-DDDED are
predominantly localized to the nuclear
pores. ‘

Proteins of 69 and 59 kD were identified
with anti-DDDED by immunoblotting rat
liver nuclei lysates (Fig. 4A) (12). The inten-
sity of the two protein bands decreased in
the presence of excess amounts of DDDED
peptides (Fig. 4A, lane 3). However, by
immunoblotting rat liver cytoplasm, the nu-
clear envelope fraction, and the high-salt
detergent extract of the nuclear envelope
with anti-DDDED, we could not detect any
specific bands under our conditions. We
also '»I-labeled the high-salt detergent ex-
tract nuclear envelope fraction (Table 2) and
immunoprecipitated the iodinated proteins
with the antibody. Proteins of 65, 54, 50,
43, and 34 kD were specifically immunopre-
cipitated (Fig. 4B). It remains to be deter-
mined whether all or some of the proteins
detected by immunoblotting and immuno-
precipitation actually participate in nuclear

2345 8 | Qi3

69

pr—

HIERER

46

i

30

and incubated with alkaline phosphatase—conjugated goat antibody to rabbit IgG. Arrowheads denote

the positions of 69- and 59-

proteins. The mol

sizes (in kilodaltons) of protein standards are

indicated on the left. (B) '>*I-labeled high-salt detergent extract (lane 1) was incubated at 4°C overnight
with 10 pg of anti-DDDED (lane 2) and normal rabbit IgG (lane 3) and was precipitated with Protein
A-Scpharose CL-4B [incubation buffer: 0.5M NaCl, 1% Nonidet P-40, 15 mM octylglucoside, 5 mg/

ml ovalbumin, and 10 mM triethanolamine (pH 7.

5)]. Precipitates were subjected to SDS-PAGE (11%

separating gel) followed by autoradiography. Arrows indicate positions of 65-, 54-, 50-, 43-, and 34-

kD proteins. The molecular sizes (in kilodaltons)
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of protein standards are indicated on the left.

transport.

Two other techniques had been devel-
oped to produce antibody to a receptor
without the use of the receptor as antigen.
One is preparation of an anti-idiotype to the
antibody to the ligand (13), as was done to
produce antibodies to the insulin receptor
and a receptor for pratein import into chlo-
roplasts (13). The other technique is based
on the hydropathic complementarity of ami-
no acids. The peptide encoded by the anti-
sense DNA of the ligand is synthesized, and
antibody to this “anticodon ligand” may
bind the ligand’s receptor. This procedure

Table 1. Amino acid sequences of the synthetic
peptides. Peptides were synthesized with a model
430A synthesizer (Applied Biosystems, Inc.) (15).

Nomenclature Sequence
DDDED CGGDDDEDGG

EEEDE CGGEEEDEGG

SV40 T CPKKKRKVEDPC
Polyoma T CDPPRTPVSRKRPRPAC

Table 2. Immunoabsorption of inhibitory activi-
ty of anti-DDDED. Cytoplasm was obtained as
the 3000-rpm, 10-min supernatant of total rat
liver homogenates. Rat liver nuclei were isolated
from adult rats (4). Nuclei werc treated with
deoxyribonuclease I and centrifuged to yield su-
pemnatant (deoxyribonuclease I extract) and pre-
cipitates (nuclear envelope) (16). Treagments of
the nuclear envelope were as described (9) with
slight modifications. Low-salt detergent treat-
ment: nuclear envelopes were treated with 50 mM
octylglucoside, 10% sucrose, 10 mM tricthanola-
mine, and 0.1 mM MgCl, (pH 7.5). High-salt
detergent treatment: nucledr envelopes were treat-
ed with 50 mM octylglucoside, 0.5M NaCl; and
10 mM triethanolamine (pH 7.5). Samples were
incubated for 30 min and centrifuged for 10 min
at 18,000 rpm to yield a supernatant (extract) and
a precipitate (treated nuclear envelope).

Absorption
Fraction used of inhibitory
for immunoabsorption activity of
anti-DDDED* (%)
(Anti-DDDED alone) 0
Cytoplasmic fractiont 8
Nuclei 31
DNase I extractt 9
Nuclear envelope 25
Low-salt detergent—treated 41
nuclear envelope
High-salt detergent—treated 23
nuclear envelope ‘
High-salt detergent extract 60

of nuclear envelopet

*After incubating 25 pg of anti-DDDED with 50 ug of
ins from cach fraction (4°C, 12 hours), inhibitory
activity of the antibody on the nuclear transport of
nucleoplasmin was assayed microinjection as de-
scribed in Fig. 3. For each point 200 to 300 cclls were
counted.  tSoluble fractions were conjugated with
anogen bromide (CNBr)—activated Scpharose 4B after
ialysis :ﬁmst 0.5M NaCl, 25 mM octylglucoside, and
0.1M NaHCOs.
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was used for the fibronectin receptor (14).
Our approach with electrostatically comple-
mentary peptides is different from either of
these techniques.
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Expression of a Calcium-Mobilizing Parathyroid
Hormone-Like Peptide in Lactating Mammary Tissue

MARK A. THIEDE AND GIDEON A. RODAN

A survey of rat tissues by RNA analysis, aimed at uncovering the physiological
function of the parathyroid hormone-like peptide (PTH-LP) associated with hypercal-
cemia of malignancy, revealed the presence of a 1.5-kilobase messenger RNA encoding
this peptide in lactating mammary glands. PTH-LP messenger RNA is expressed in
mammary tissue only during lactation; it appears and disappears rapidly (2 to 4 hours)
as a function of the sucking stimulus. The identity of this messenger RNA was
confirmed by cloning the rat PTH-LP complementary DNA, which predicts a peptide
with strong similarity to the human homolog. Moreover, extracts from lactating
mammary tissue stimulated parathyroid hormone—dependent adenylate cyclase. These
findings suggest that PTH-LP plays a physiological role in lactation, possibly as a
hormone for the mobilization or transfer (or both) of calcium to the milk.

PARATHYROID HORMONE—LIKE PEP-

tide produced by many tumors

from patients with humoral hyper-
calcemia of malignancy (HHM) (1) was
recently characterized. Amino-terminal se-
quence analysis (2-4) and subsequent cDNA
cloning (5-7) revealed a peptide of approxi-
mately 16 kD, with amino-terminal homol-
ogy to PTH. A synthetic peptide containing
amino acids 1 to 34 of the human PTH-LP
produces the same effects on renal and os-
teoblast membranes in vitro and on calcium
and inorganic phosphate fluxes in vivo (8, 9)
as the peptide 1-34 of human PTH, thus
explaining the resemblance of the HHM
syndrome to hyperparathyroidism. In addi-
tion to tumors, the only other cells reported
to produce PTH-LP are human keratino-
cytes in culture (10); however, the physio-
logical function of the peptide is unknown.
To investigate further the expression and
function of PTH-LP, we screened RNAs
from adult and embryonic rat tissues for
hybridization to a human PTH-LP ¢cDNA
(Fig. 1). Among all the normal tissues exam-
ined, relatively high levels of a 1.5-kb PTH-
LP mRNA were detected only in RNA from
lactating mammary tissue. However, similar

levels of this mRNA were seen in RNA
from rat Leydig cell tumor, which secretes a
PTH-LP and causes hypercalcemia in rats
(11). Skin and spleen gave weak hybridiza-
tion signals; however, the actual production
and possible function of the peptide in these
tissues remain to be elucidated. No PTH-LP
mRNA was detected in RNA from nonlac-
tating mammary gland, in RNAs from
brain, testis, intestine, kidney, liver, lung,
parathyroid-thyroid gland, rat osteosarcoma
(ROS 17/2.8), and heart of nonlactating
animals, or in RNAs from these tissues in
lactating animals. Moreover, this mRNA
was not detected in rat embryos, in placenta,
or in kidney and skin of newborn rats. Thus,
we have no evidence to support a role for
this peptide in development, although we
cannot exclude the possibility that small
amounts of this mRNA may be expressed in
specific embryonic tissues, since whole em-
bryo RNA was used for this analysis.
Further study showed that the expression
of PTH-LP mRNA in mammary tissue was
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