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Abstract. The lamin B receptor (LBR) is a polytopic
protein of the inner nuclear membrane. It is synthe-
sized without a cleavable amino-terminal signal se-
quence and composed of a nucleoplasmic amino-
terminal domain of 204 amino acids followed by a hy-
drophobic domain with eight putative transmembrane
segments. To identify a nuclear envelope targeting sig-
nal, we have examined the cellular localization by im-
munofluorescence microscopy of chicken LBR, its
amino-terminal domain and chimeric proteins tran-
siently expressed in transfected COS-7. Full-length
LBR was targeted to the nuclear envelope. The amino-
terminal domain, without any transmembrane seg-
ments, was transported to the nucleus but excluded

from the nucleolus. When the amino-terminal domain
of LBR was fused to the amino-terminal side of a
transmembrane segment of a type II integral mem-
brane protein of the ER/plasma membrane, the chi-
meric protein was targeted to the nuclear envelope,
likely the inner nuclear membrane. When the amino-
terminal domain was deleted from LBR and replaced
by a-globin, the chimeric protein was retained in the
ER. These findings demonstrate that the amino-
terminal domain of LBR is targeted to the nucleus af-
ter synthesis in the cytoplasm and that this polypep-
tide can function as a nuclear envelope targeting signal
when located at the amino terminus of a type II inte-
gral membrane protein synthesized on the ER.

HE topology of integral membrane proteins synthe-
I sized on the ER is established by signal and stop

transfer sequences that determine which domains tra-
verse aqueous pores in the ER membrane and which do-
mains remain localized in the membrane (Blobel, 1980; Si-
mon and Blobel, 1991). Some of these proteins contain
specific sequences that confer retention in the ER (Paabo et
al., 1987; Nilsson et al., 1989; Jackson et al., 1990). Others
are targeted to the cis-Golgi network by ER-derived mem-
brane vesicles, and some of these integral membrane pro-
teins contain sequences that confer retention in the Golgi
membranes (Machamer and Rose, 1987; Nilsson et al.,
1991; Wong et al., 1992). Most integral membrane proteins
that reach the Golgi complex are sorted into different popula-
tions of membrane vesicles that emerge from the TGN to be-
come secretory storage vesicles or to fuse with lysosomes
or the plasma membrane (Griffiths and Simons, 1986;
Klausner, 1989; Kornfeld and Mellman, 1989; Rothman and
Orci, 1992). In epithelial cells, additional sorting mecha-
nisms are operative that target protein-containing membrane
vesicles to either the apical or basolateral membranes
(Rodriguez-Boulan and Nelson, 1989).

Some integral membrane proteins synthesized on the ER
are targeted to the various membrane domains of the nuclear
envelope. The nuclear envelope is composed of three distinct
membrane domains: the inner nuclear membrane, the outer
nuclear membrane and the nuclear pore membranes (Franke
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et al., 1981; Gerace and Blobel, 1982). These three mem-
brane domains are interconnected, but unique integral mem-
brane proteins are found in each that are not found in the
others (Gerace et al., 1982; Worman et al., 1988, 1990; Se-
nior and Gerace, 1988; Harel et al., 1989; Courvalin et al.,
1990). Proteins of the outer nuclear membrane are shared
with the continuous ER membrane (Amar-Costesec et al.,
1974) and outer nuclear membrane proteins have not been
identified that are not also found in the ER. As the ER, outer,
pore, and inner nuclear membrane domains are continuous,
integral membrane proteins synthesized on the ER can reach
all of the nuclear envelope membrane domains by diffusion
in the proteolipid bilayer. The signals that target integral
membrane proteins to their specific nuclear envelope mem-
brane domains are not known.

The lamin B receptor (LBR)! is a polytopic protein of the
inner nuclear membrane with a basic nucleoplasmic amino-
terminal domain and a hydrophobic domain that contains
eight putative transmembrane segments (Worman et al.,
1990). LBR is synthesized without a cleavable amino-
terminal signal sequence, and like type II integral membrane
proteins of the ER/plasma membrane that contain uncleaved
internal signal sequences, its amino-terminal domain faces
the contralumenal or nucleo-cytoplasmic side of the mem-

1. Abbreviations used in this paper: LBR, lamin B receptor; NLS, nuclear
localization signal.
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brane (Worman et al., 1990). To identify a nuclear envelope
targeting signal of LBR, we have transfected cells with plas-
mids that transiently express different domains and chimeric
constructs of this protein.

Materials and Methods

Plasmid Construction

Expression constructs were made in plasmid pSVK3 (Pharmacia Fine
Chemicals, Piscataway, NJ) which contains a multiple cloning site down-
stream from the SV-40 early promoter. Some cDNA sequences were gener-
ated by the PCR performed as described (Saiki et al., 1987) using the
GeneAmp Kit (Perkin-Elmer Corp., Norwalk, CT). Parameters for PCR
were denaturation at 94°C for 1 min, annealing at 50°C for 2 min and exten-
sion at 72°C for 3 min for 25 cycles. Unless otherwise indicated, standard
methods (Sambrook et al., 1989) were used for DNA purification, restric-
tion endonuclease digestion, ligation, transformation, and preparation of
plasmid DNA.

The ¢cDNA sequence of chicken LBR and descriptions of LBR clones
have been previously published (Worman et al., 1990). To construct plas-
mid LMBR that codes for full-length chicken LBR, a PCR product from
nucleotide +1210 to nucleotide +1914 was amplified using as template a
mixture of DNA from previously described clones M-3 and M-7. A HindIII
site was engineered at the 5’ end of the antisense primer. The product was
purified from the reaction mixture using the GeneClean II Kit (Bio 101, Inc.,
Vista, CA), cut with Nhel (Nhel site at nucleotide +1303 of LBR ¢cDNA)
and Hindlll, purified again and ligated into LBR clone DJ-5 that was cut
with Nhel and HindIII. The resulting recombinant clone, which contained
cDNA coding for full-length LBR, was digested with EcoRI and Sall and
the cDNA insert isolated from agarose gels and ligated into the EcoRI/Sall
site of pSVK3.

Plasmid AT was constructed to express the amino-terminal domain of
chicken LBR. A PCR product from nucleotides —42 to +625 of LBR
c¢DNA was amplified using clone DJ-5 as template. The sense primer had
an EcoRl site at the 5’ end and the antisense primer a complementary stop
codon precec:d by a Sall site at its 5' end. The amplified product was
purified from the reaction mixture using GeneClean, digested with EcoRI
and Sall, purified again and ligated into the EcoRI/Sall site of pSVK3.

A previously described cDNA clone for chicken hepatic lectin in plasmid
pSP64 (Mellow et al., 1988) was used to construct plasmid CHL. This
clone was a gift from Dr. K. Drickamer (Columbia University College of
Physicians and Surgeons, New York). The cDNA insert was excised from
the plasmid by restriction digestion with EcoRlI, isolated by agarose gel
electrophoresis and ligated into the EcoRI site of pSVK3.

Plasmid LMBR-CHL was constructed to express the first 191 amino
acids of the chicken LBR followed by the transmembrane domain and por-
tion of the carboxy-terminal domain of chicken hepatic lectin. DNA from
nucleotide 183 to nucleotide 510 of chicken hepatic lectin cDNA that coded
for amino acids 24 to 131 (numbering according to Mellow et al., 1988)
was amplified by PCR using the pSP64 clone as template. The sense primer
used in this reaction had a BspEl engineered into its 5’ end and the antisense
primer a complementary stop codon preceded by an Apal site at its 5’ end.
The product was purified from the reaction mixture by phenol:chioroform
extraction, digested with BspEl and Apal, purified again and ligated into
plasmid LMBR that was digested with BspEl and Apal (LBR cDNA has
a BspEl restriction site at nucleotide +567).

Complementary DNA coding for chimpanzee «-globin was cloned into
pSVK3 to generate plasmid AG. A plasmid containing a cDNA insert cod-
ing for chimpanzee a-globin (Rothman et al., 1988) was a gift from Dr.
V. R. Lingappa (University of California, San Francisco). This plasmid was
used as template for PCR to generate a-globin cDNA from the initiator
ATG through the TAA stop codon (cDNA sequence according to Liebhaber
and Begley, 1984). The sense primer had an EcoRI site engineered into its
5' end and the antisense primer a Sall site at its 5’ end. The product was
purified from the reaction mixture by phenol:chloroform extraction,
digested with EcoRI and Sall, purified again and ligated into the EcoR1/Sall
site of pSVK3.

Plasmid AG-LMBR was constructed to express a chimeric protein in
which the first 191 amino acids of LBR were replaced by chimpanzee
a-globin. a-globin cDNA was amplified by PCR as described in the preced-
ing paragraph but with a different antisense primer that did not extend to
the TAA stop codon and had a BspE! site added in frame §' to the last three
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nucleotides of the coding sequence. The PCR product was purified from the
reaction mixture by phenol:chloroform extraction, digested with EcoRI and
BspEl, purified again and ligated into EcoRI/BspEl digested plasmid
LMBR.

All recombinant plasmids were analyzed by restriction analysis. Plas-
mids in which PCR was used to generate coding sequences were also ana-
lyzed by DNA sequencing performed on a Model 373A Automated Se-
quencer (Applied Biosystems, Inc., Foster City, CA) at The Mount Sinai
School of Medicine DNA Core Facility (New York).

Cell Culture and Transfection

COS-7 cells were grown in DME media containing 10% FBS, 50 U/ml pen-
icillin, 50 pg/ml streptomycin and 2 mM I-glutamine. For transfection, cells
were grown to 60% confluency on 60-mm-diameter petri dishes. Cells were
transfected by the calcium precipitation method as described (Sambrook et
al., 1989). The precipitated plasmid DNA (10 ug) was left on each petri
dish for 5 h. Cells were then washed with PBS, split into 35-mm-diameter
petri dishes and maintained in culture for 12 to 72 h before fixation for im-
munofluorescence microscopy.

Antibodies

Rabbit antibodies against hugnan hemoglobin that recognize chimpanzee
a-globin were obtained from Dako Corporation (Carpinteria, CA). Rabbit
antibodies against chicken hepatic lectin were a gift from Dr. K. Drickamer
and have been previously described (Loeb and Drickamer, 1987). Antibod-
ies that recognize the amino-terminal domain of chicken LBR were made
against a synthetic polypeptide of sequence S-P-K-Q-R-K-S-Q-S-S-S-S-S
(The Rockefeller University/Howard Hughes Medical Institute Biopolymer
Facility, New York, NY). The polypeptide was conjugated to keyhole limpet
hemocyanin (Calbiochem-Novabiochem Corp., La Jolla, CA) by previously
described methods (Muller et al., 1982). The conjugate was injected into
rabbits to produce polyclonal antibodies as described (Posnett et al., 1988).
Anti-LBR antibodies were purified from rabbit serum by affinity chroma-
tography against the synthetic polypeptide coupled to Affi-Gel (Bio Rad
Labs, Hercules, CA). Coupling using EDAC reagent was performed accord-
ing to the manufacturer’s instructions. Affinity chromatography was per-
formed as described elsewhere (Harlow and Lane, 1988). Anti-LBR an-
tibodies were characterized by immunoblotting of proteins of chicken
erythrocyte nuclear envelopes, rat liver nuclear envelopes and COS-7 cell
lysates. Chicken erythrocyte nuclear envelopes were prepared as described
for turkey erythrocytes (Worman et al., 1988) and rat liver nuclear enve-
lopes were also prepared by methods used previously (Courvalin et al.,
1990). COS-7 cell lysates were made by scraping cells off petri dishes and
immediately boiling them in SDS-PAGE sample buffer (Laemmli, 1970).
SDS-PAGE was performed according to Laemmli (1970). References for
immunoblotting can be found elsewhere (Courvalin et al., 1990).

Immunofiluorescence Microscopy

Transfected cells were grown to 60% confluency on 35-mm-diameter petri
dishes. Cells were washed three times with PBS, fixed with 3% formalde-
hyde/PBS for 30 min and washed three times with PBS/0.1% Triton X-100
(solution A). Cells were then incubated with PBS/0.1% Triton X-100/2%
BSA (solution B) for 60 min and then for 90 min with the appropriate anti-
body at a 1:100 dilution in solution B. Cells were then washed five times
with solution A, incubated for 60 min with a 1:100 dilution of fluorescein-
labeled donkey anti-rabbit IgG (Amersham, Arlington Heights, IL) in solu-
tion B plus 2 ug/ml 4,6-diamidino-2-phenylindole (DAPI), and again
washed five times with solution A. Coverslips were mounted with a 2%
wt/vol solution of 1,4-diazabicyclo-(2.2.2)-octane in 85% glycerol/15% 8
mM Tris-HCI (pH 8.6). Inmunofluorescence microscopy was performed on
a Zeiss Axiophot microscope (Carl Zeiss, Inc., Thornwood, NY). TMAX
3200 or T-MAX 400 film (Eastman Kodak Co., Rochester, NY) were used
for photography.

Epitope Accessibility in Digitonin-permeabilized Cells

To remove the plasma membrane but keep the nuclear membranes intact,
cells were permeabilized with digitonin as described by Adam et al. (1990).
A single petri dish of COS-7 cells was transfected with the desired plasmid,
split into two dishes after 5 h and then grown as described above. After 24 h
in culture, one dish was prepared for immunofluorescence microscopy as
usual. The other dish of similarly transfected cells was washed three times
with PBS and the cells were then permeabilized for 5 min with 40 pg/ml
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of digitonin {Calbiochem-Novabiochem Corp., La Jolla, CA) in PBS at4°C
(digitonin was diluted into PBS from a 20 mg/ml stock in DMSO). After
permeabilization, cells were washed again with PBS and prepared for im-~
munofluorescence microscopy as usual except that the cells were not fixed
and Triton X-100 was not present in solutions A and B. Immunofiuorescence
microscopy was performed as above,

Materials

Unless otherwise indicated, routine chemical reagents were obtained from
either Sigma Chemical Co. (St. Louis, MO) or Fisher Scientific (Pitts~
burgh, PA). Restriction enzymes, restriction enzyme buffers and DNA li-
gase were obtained from New England Biolabs (Beverly, MA). FBS was
obtained from JRH Biosciences (Lenexa, KS). Other media and reagents
for cell culture were obtained from either GIBCO BRL (Gaithersburg, MD)
or Mediatech (Washington, DC).

Results

Anti-LBR Antibody Characterization

Because COS-7 cells contain endogenous LBR, antibodies
were needed for transfection experiments that recognize
chicken but not mammalian LBR. For this purpose, antibod-
ies were raised against a synthetic polypeptide correspond-
ing to amino acids 59-71 of chicken LBR. Proteins of COS-7
cell lysates and chicken erythrocyte nuclear envelopes were
separated by SDS-PAGE (Fig. 1 @) and on immunoblots of
these separated proteins, the anti-polypeptide antibodies rec-
ognized chicken LBR but did not recognize any proteins in
COS-7 cell lysates (Fig. 1 b). These antibodies also did not
recognize proteins in nuclear envelope preparations from rat
liver (data not shown) and did not give nuclear rim fluores-
cence in immunofiuorescence microscopy of cultures of un-
transfected COS-7 cells (data not shown) or in numerous
cells in transfection experiments that did not likely take up
plasmid DNA (for example see Fig. 5). Since these antibod-
ies did not apparently recognize mammalian LBR or stain
the nuclear envelopes of COS-7 cells, they were suitable to
follow the expression of the chicken protein in transfection
experiments.

Figure 1. Anti-polypeptide an-
tibodies recognize chicken but
97- not mammalian LBR. (a) Coo-
66- massie blue-stained SDS-
polyacrylamide slab gel 10.5%
acrylamide) showing molecu-~
lar mass standards (M;), pro-
teins of chicken erythrocyte
nuclear envelopes (lane /) and
proteins of COS-7 cell lysates
(lane 2). Molecular mass stan-~
dards are indicated in kD. (b)
22- Autoradiogram of immuno-
-— blot of preparations identical
1

45-

31- —_—

to those shown in panel g using
anti-LBR antibodies against
proteins of chicken erythro-
cyte nuclear envelopes (lane 1) and proteins of COS-7 cell lysates
(lane 2). The antibodies recognize LBR in chicken erythrocyte nu-
clear envelopes but do not recognize any proteins in COS-7 cell
fysates.

M 2 1 2

r
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Protein Targeting in Transfected COS-7 Cells

Constructs in plasmid pSVK3 were designed to transiently
express in COS-7 cells the proteins shown in Fig. 2. LMBR
expressed full-length chicken LBR, a polytopic protein of
the inner nuclear membrane that is synthesized without 2
cleavable amino-terminal signal sequence and has a nucleo-
plasmic amino-terminal domain followed by a hydrophobic
domain with eight putative transmembrane segments that
can likely function as uncleaved internal signal sequences
(Worman et al., 1990). AG expressed chimpanzee «-globin,
a 142-amino acid polypeptide that is a subunit of the cyto-
plasmic protein hemoglobin (Liebhaber and Begley, 1984).
CHL expressed chicken hepatic lectin, a type II integral
membrane protein of the ER/plasma membrane that is syn-
thesized without a cleavable signal sequence and has an
amino terminus that faces the cytoplasm, one transmem-
brane segment that likely functions as an uncleaved internal
signal sequence and carboxy terminus that faces the ER lu-
men/extracellular milieu (Chiacchia and Drickamer, 1984;
Mellow et al., 1988). AT expressed the amino-terminal do-
main of LBR from the initiation methionine to the arginine
that immediately precedes the first putative transmembrane
segment. CHL-LMBR expressed a chimeric protein that
contained the first 191 amino acids of LBR followed by the
transmembrane domain and a portion of the carboxy-
terminal domain (up to amino acid 131) of chicken hepatic
lectin. AG-LMBR expressed a chimeric protein in which all
142 amino acids of chimpanzee a-globin replaced the first
191 amino-terminal amino acids of LBR.

To determine the immunofluorescence patterns for full-
length LBR, chicken hepatic lectin and «-globin, three pro-
teins of known cellular localization, COS-7 cells were trans-
fected with plasmids LMBR, CHL, and AG. LBR was
detected only in the nuclear envelope of transfected cells as
demonstrated by rim fluorescence of the nucleus (Fig. 3 a).
A rim-staining fluorescence pattern is characteristic of ex-
trinsic and integral proteins of the inner nuclear membrane
(Gerace et al,, 1978; Worman et al., 1988; Senior and Ger-
ace, 1988; Courvalin et al., 1990). a~globin was detected in
the cytoplasm of cells transfected with plasmid AG (Fig. 3
b). The fluorescence pattern of discrete dots throughout the

LMBR T,
cr. ENRTITTITITITT

arl ]
werche [ TN

AG-LMBR

Figure 2. Schematic diagrams of proteins expressed by the plasmid
constructs used in transfection experiments. Domains of the pro-
teins are represented by: white, nucleoplasmic amino-terminal do-
main of LBR; diagonal stripes, hydrophobic domain of LBR with
eight putative transmembrane segments; horizontal stripes, cyto-
plasmic amino-terminal domain of chicken hepatic lectin; black,
transmembrane segment of chicken hepatic lectin; vertical stripes,
carboxy-terminal domain of chicken hepatic lectin; checkered,
a-globin. The amino-terminal domain of each protein is at the left.
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Figure 3. Cellular localization of LBR, «-globin and chicken hepatic lectin. Shown are immunofluorescence photomicrographs of COS-7
cells transfected with plasmids LMBR (a), AG (b), and CHL (c¢) that express LBR, «-globin and chicken hepatic lectin respectively. Anti-
LBR antibodies were used in a, anti-a-globin antibodies in b and anti-chicken hepatic lectin antibodies in c. Some weak background nuclear
fluorescence is seen with the anti-c-globin and anti-chicken hepatic lectin antibodies in transfected and nontransfected cells. Bars, 4 ym.

cytoplasm may result from precipitation or aggregation of
the expressed polypeptide. Cells expressing chicken hepatic
lectin demonstrated fluorescent labeling of the ER and nu-
clear envelope (Fig. 3 ¢), a pattern that has been previously
reported for its expression in transfected fibroblasts (Mellow
etal., 1988) and is expected for a protein of the ER and outer
nuclear membrane.

COS-7 cells were transfected with plasmid AT to deter-
mine if the nucleoplasmic amino-terminal domain of LBR
lacking transmembrane segments would be transported to
the nucleus. This polypeptide was detected only in the nu-
cleus of transfected cells (Fig. 4). A diffuse fluorescence

Figure 4. The amino-terminal
domain of LBR is transported
to the nucleus. Top panel
shows immunofluorescence
photomicrograph using anti-
LBR antibodies of COS-7 cells
transfected with plasmid AT
that expressed the amino-ter-
minal domain of LBR. Bot-
tom panel shows DAPI fluo-
rescence for the same cell.
Bar, 4 ym.
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labeling of the entire nucleus, similar to that seen with the
DNA-binding dye DAPI, was observed. The fluorescence in-
tensity of the nucleolus was relatively decreased indicating
that the polypeptide is excluded from this organelle. After
transfection and growth in culture for up to 72 h, only nu-
clear fluorescence was observed without significant cyto-
plasmic labeling or disruption of nuclear architecture. These
experiments demonstrate that the LBR amino-terminal do-
main is transported to the nucleus after synthesis in the
cytoplasm.

To determine if the amino-terminal domain of LBR can
function as a nuclear envelope targeting signal for an integral
membrane protein, it was attached to the transmembrane
segment of a type II protein of the ER/plasma membrane.
COS-7 cells were transfected with plasmid LMBR-CHL that
codes for a chimeric protein containing the amino-terminal
domain of LBR fused to the amino-terminal side of the trans-
membrane segment of chicken hepatic lectin. In cells trans-
fected with this plasmid, nuclear rim fluorescence without
ER labeling was observed consistent with an inner nuclear
membrane localization (Fig. 5 a). No appreciable ER fluo-
rescence was observed even 72 h after transfection. Hence,
the amino-terminal domain of LBR can function as a nuclear
envelope targeting signal and direct an integral membrane
protein synthesized on the ER to the inner nuclear mem-
brane. To confirm this hypothesis, the majority of the amino-
terminal domain was deleted from full-length LBR and re-
placed by a-globin. The expressed chimeric protein was de-
tected in the ER and nuclear envelope of transfected cells
(Fig. 5 b). An exclusive fluorescence labeling of the nuclear
envelope, which was seen with LBR and the LBR-chicken
hepatic lectin chimeric protein, was never observed even
when cells were examined only 12 h after transfection. Fluo-
rescence labeling of the ER and nuclear envelope does not
exclude the possibility that some of the expressed protein is
in the inner nuclear membrane or nuclear pore membranes;
however, a large portion of the a-globin-LBR chimeric pro-
tein is retained in the ER. Therefore, even if some of the ex-
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pressed chimeric protein reaches the inner nuclear mem-
brane, its targeting signal is weaker than that of the two
proteins that contain the amino-terminal domain of LBR.

Epitope Accessibility Experiments Suggest That LBR
and LBR-Chicken Hepatic Lectin Chimeric Proteins
Are Localized to the Inner Nuclear Membrane

The rim-staining fluorescence patterns seen for transfected
cells expressing LBR and the LBR-chicken hepatic lectin

a b
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Figure 5. The amino-terminal
domain of LBR is a nuclear
envelope targeting signal for
integral membrane proteins.
Top panels show immunofluo-
rescence photomicrographs of
COS-7 cells transfected with
plasmids LMBR-CHL (a) and
AG-LMBR (b) that express
chimeric proteins with and
without the LBR amino-ter-
minal domain (see text and
Fig. 2). Antibodies against
LBR were used in @ and anti-
bodies against «-globin in b.
Bottom panels show DAPI
fluorescence for the same mi-
croscopic fields as shown
above. In a the nucleus of an
untransfected cell that is not
recognized by anti-LBR anti-
bodies can be identified by
DAPI fluorescence. Bars, 4 ym.

chimeric protein are consistent with a location in the inner
nuclear membrane, but could also be seen if these proteins
were localized to the nuclear pore membranes or to the outer
nuclear membrane. To further confirm an inner nuclear
membrane localization of these polypeptides, their accessi-
bility to antibodies was determined in unfixed digitonin-
permeabilized cells. Treatment of cultured cells with appro-
priate amounts of digitonin removes the plasma membrane
but leaves the nuclear envelope intact (Adam et al., 1990).
In unfixed, digitonin-permeabilized cells, protein antigens

c Figure 6. Accessibility of LBR,

LBR-chicken hepatic lectin,
and a-globin-LBR to antibodies
in digitonin-permeabilized cells.
COS-7 cells transfected with
LMBR (a), LMBR-CHL (b), and
AG-LMBR (c) are shown. Upper
panels show representative im-
munofluorescence micrographs
of fixed cells permeabilized with
Triton X-100. Bottom panels
show representative immunofluo-
rescence micrographs for simi-
larly transfected cells that were
permeabilized with digitonin, not
fixed and not exposed to Triton
X-100. Antibodies against LBR
were used in a and b and antibod-
ies against a-globin in c. Bar,
20 pm.



located in the nuclear pore complexes and cytoplasm are rec-
ognized by antibodies in immunofluorescence microscopy,
whereas antigens located on the inner side of the nuclear
envelope are not accessible to the antibodies (Adam et al.,
1990).

COS-7 cells were transfected with plasmids LMBR,
LMBR-CHL, and AG-LMBR, respectively, and the trans-
fected cells were split into two petri dishes. Cells in one petri
dish of each pair were prepared for immunofluorescence mi-
croscopy in standard fashion with fixation and exposure to
Triton X-100 that permits antibodies access to intranuclear
antigens. The other half of the cells were not fixed, were per-
meabilized with digitonin and prepared for immunofiuores-
cence microscopy in the absence of Triton X-100. For cells
transfected with LMBR (Fig. 6 @) and LMBR-CHL (Fig. 6
b) that were fixed and treated with Triton X-100 (upper
panels), rim fluorescence was observed in transfected cells.
In unfixed, digitonin-permeabilized cells that were not ex-
posed to Triton X-100 (lower panels), fluorescence was not
observed in any cells. In contrast, cells transfected with AG-
LMBR (Fig. 6 ¢) showed staining in unfixed, digitonin-
permeabilized cells (lower panel) as well as cells fixed and
exposed to Triton X-100 (upper panel). These data suggest
that in the digitonin-permeabilized cells, the a-globin-LBR
chimeric protein is accessible to antibodies that can pass
through the disrupted plasma membrane. LBR and LBR-
chicken hepatic lectin are apparently not accessible to anti-
bodies in digitonin-permeabilized cells, consistent with a lo-
calization of these polypeptides on the inside of the nuclear
envelope in the inner nuclear membrane.

Discussion

The findings in the present study demonstrate that the
nucleoplasmic amino-terminal domain of the inner nuclear
membrane LBR is transported to the nucleus after synthesis
in the cytoplasm. This polypeptide is sufficient to target a
type Il integral membrane protein to the nuclear envelope in-
ner membrane domain. Deletion of the amino-terminal do-
main from LBR weakens and perhaps abolishes the ability
of the protein to reach the inner nuclear membrane.

The present findings must be interpreted in light of the
putative topology of LBR. LBR is synthesized without a
cleavable amino-terminal signal sequence (Worman et al.,
1990) and therefore the amino-terminal domain likely faces
the cytoplasm when synthesized on the ER membrane. With
this topology, the first putative transmembrane domain
would function as both an uncleaved signal sequence and a
stop transfer sequence (Blobel, 1980). Hence, LBR is syn-
thesized on the ER membrane with a topology analogous to
type Il integral membrane proteins of the plasma membrane.
This topology of LBR is supported by the finding that a resi-
due in its amino-terminal domain is phosphorylated in vivo
by p34+2 protein kinase (Courvalin et al., 1992), an en-
zyme that is present in the nucleus and cytoplasm and not
likely the ER lumen or the perinuclear space. When reaching
the inner nuclear membrane, the amino-terminal domain of
LBR would have a nucleoplasmic orientation like the amino
termini of type II plasma membrane proteins have a cyto-
plasmic orientation. As LBR amino-terminal domain can
reach the nucleus after synthesis in the cytoplasm, cytoplas-
mically exposed amino-terminal domain should also be able
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to reach the nucleus by the same mechanism when attached
to transmembrane segments in the ER membrane. The nu-
clear translocation of LBR amino-terminal domain would
then “drag” the transmembrane segments of the protein that
remain embedded in the proteolipid bilayer to the inner nu-
clear membrane. The ultrastructure of the nuclear pore com-
plex would have to be such that there is no steric hindrance
and that membrane-embedded proteins can freely diffuse in
the pore membrane domain.

How does the amino-terminal domain of LBR reach the
nucleus after synthesis in the cytoplasm? Many nuclear pro-
teins contain short stretches of basic amino acids called nu-
clear localization signals (NLS’s) that are responsible for nu-
clear transport (Garcia-Bustos et al., 1991). NLS’s can direct
transport to the nucleus when fused to normally cytoplasmic
proteins (Goldfarb et al., 1986). Most NLS’s are similar to
the sequence P-K-K-K-R-K-V found in SV-40 large T antigen
(Kalderon et al., 1984). Cytosolic and pore complex pro-
teins that bind to these NLS’s target proteins to the nuclear
pores and facilitate transport into the nucleus (Silver, 1991;
Adam and Gerace, 1991; Moore and Blobel, 1992). Proteins
that contain SV40-type NLS’s transported to the nucleus by
this mechanism may first be concentrated in the nucleolus af-
ter passing through the pores (Breeuwer and Goldfarb, 1990;
Meier and Blobel, 1990; Moore and Blobel, 1992) and re-
cent evidence has shown that an NLS binding protein may
shuttle between the nucleolus and the cytoplasm (Meier and
Blobel, 1992). The LBR amino-terminal domain does not
contain a stretch of amino acids similar to the “classical”
NLS of SV-40 large T antigen, and the finding that the poly-
peptide is excluded from the nucleolus also suggests that its
nuclear transport does not involve proteins that shuttle be-
tween the cytoplasm and nucleolus. It would also be unlikely
that translocation to the nucleolus could be achieved for in-
tact LBR where most of the protein would be embedded in
the nuclear envelope membranes.

In addition to the “classical” NLS found in SV-40 large T
antigen, up to 40% of nuclear proteins use a second class of
NLS exemplified by the bipartite NLS of nucleoplasmin
(Robbins et al., 1991). Two sequences in the amino-terminal
domain of LBR (from Arg® to Arg” and from Arg® to
Lys'®) roughly fit the sequence of the nucleoplasmin-like
bipartite motif that can function as an NLS (Robbins et al.,
1991). Therefore, the amino-terminal domain of LBR may
use a nucleoplasmin-like bipartite NLS to enter the nucleus.
Proteins that contain this type of NLS may use different
cytoplasmic and nuclear pore complex receptor proteins
and may not concentrate in the nucleolus during nuclear ac-
cumulation.

It is also possible that the LBR amino-terminal domain can
accumulate in the nucleus by diffusion and ligand binding.
As fluorescent-labeled dextrans with molecular masses <60
kD can passively diffuse through the nuclear pore complexes
(Paine et al., 1975), the LBR amino-terminal domain is
small enough (~22.5 kD) to enter the nucleus by diffusion.
If LBR amino-terminal polypeptide can diffuse through the
nuclear pores, its concentration in the nucleus may result
from its ability to bind to nuclear components. In vitro ex-
periments have shown that LBR binds to lamin B (Worman
et al., 1988), and it is possible that the lamin B binding do-
main of the protein is in the nucleoplasmic amino terminus.
If the free amino-terminal domain were binding only to
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lamin B in vivo, a nuclear rim fluorescence pattern would be
expected on immunofluorescence microscopy. The diffuse
localization in the nucleus observed when free amino-
terminal domain is expressed in transfected cells argues
against lamin B binding being solely responsible for nuclear
accumulation of this polypeptide. Therefore, in the nucleus
in vivo, the LBR amino-terminal polypeptide may bind to
other nuclear components in addition to lamin B. The amino-
terminal domain of LBR also possesses characteristics of a
chromatin binding protein (Worman et al., 1990) including
a basic pl and three S/T-P-X-X motifs that have the capacity
to bind to DNA (Suzuki et al., 1989). The diffuse staining
of the nucleus in immunofluorescence microscopy suggests
that the LBR amino-terminal domain may bind to chromatin
and that this binding, in addition to lamin B binding, may
be responsible for its concentration in the nucleus. When
embedded in the ER membrane via a transmembrane seg-
ment after synthesis, the cytoplasmically exposed amino-
terminal domain of LBR may cause the protein to diffuse
through the interconnected proteolipid bilayers of the ER,
outer nuclear and nuclear pore membranes to reach the
inner nuclear membrane where the exposed amino terminus
can bind to intranuclear components such as chromatin or
lamin B.

In summary, the amino-terminal domain of the inner nu-
clear membrane LBR can function as a nuclear envelope tar-
geting signal and can direct a type II integral membrane pro-
tein synthesized on the ER to the nuclear envelope, likely the
inner nuclear membrane. The targeting polypeptide may be
accumulated in the nucleus either by active transport used by
proteins that contain nucleoplasmin-like bipartite NLS’s or
by diffusion and ligand binding. Future experiments examin-
ing the details of lamin B binding, chromatin binding, and
in vitro transport of the LBR amino-terminal domain will
help further elucidate the mechanism of how this polypep-
tide functions as a nuclear envelope targeting signal.
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