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ABSTRACT We have expressed human lamin B and the
chicken lamin B receptor (LBR), either separately or together,
in yeast and have monitored the subcellular location of the
expressed proteins by immunofluorescence microscopy, immu-
noelectron microscopy, and cell fractionation. At the light
microscopic level, the heterologous lamin B localized to the
yeast nuclear rim and at electron microscopic resolution was
found subjacent to the yeast inner nuclear membrane. These
data indicate that vertebrate lamin B was correctly targeted in
yeast. Expression of the heterologous LBR, either alone or
together with the heterologous lamin B, resulted in the forma-
tion of membrane stacks primarily adjacent to the nuclear
envelope, but also projecting from the nuclear envelope into the
cytoplasm or under the plasma membrane. Double immuno-
electron microscopy showed colocalization of the heterologous
lamin B and LBR in the yeast nuclear envelope and in the
LBR-induced membrane stacks. Cell fractionation showed the
presence of the heterologous lamin B and LBR in a subnuclear
fraction enriched in nuclear envelopes. The heterologous lamin
B was extracted at 8 M urea, but not at 4 M urea, thus behaving
as a peripheral membrane protein and indistinguishable from
assembled lamins. The heterologous LBR was not extracted by
8 M urea, indicating that it was integrated into the membrane.
The observed colocalization and cofractionation are consistent
with previously reported in vitro binding data and suggest that
heterologous lamin B and LBR interact with each other when
coexpressed in yeast.

The nuclear lamina is a peripherally associated superstruc-
ture of the inner nuclear membrane. The lamina is composed
of the A and B type lamins (1, 2). Primary structure analysis
showed that both lamin types belong to the family of inter-
mediate filament proteins (3-5). The lamins are peripheral
membrane proteins, but their mode of interaction with the
membrane is presently not well understood. Both A and B
type lamins are farnesylated at a C-terminal cysteine (6, 7).
However, only the lamin B molecules retain this modification
during their lifetime, whereas that of lamin A is lost as part
of a C-terminal proteolytic cleavage (8). Although the farne-
syl moiety of lamin B is likely to help anchor lamin B to the
lipid bilayer, stable association of lamin B with the inner
nuclear membrane suggested the existence of a specific lamin
Breceptor (LBR). An integral membrane protein that fulfilled
the criteria for a specific high affinity, LBR has indeed been
identified in the inner nuclear membrane of avian erythro-
cytes (9). Thus, in a solution binding assay 125I-labeled lamin
B (1*’I-lamin B) was found to bind in a saturable and specific
fashion to nuclear envelopes, with a K4 of 0.2 uM. In ligand
blot assays !2I-lamin B was found to bind specifically to an
integral membrane protein. This protein, termed the LBR,
was subsequently molecularly cloned and sequenced and
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shown to be a protein of 637 amino acid residues containing
two distinct domains: an N-terminal hydrophilic domain of
205 amino acid residues that appears to be exposed on the
nucleoplasmic side of the inner nuclear membrane and a
C-terminal hydrophobic domain of 432 amino acid residues
with eight putative transmembrane segments (10).

An inner nuclear membrane protein with an electropho-
retic mobility similar to LBR has been identified with a
monoclonal antibody (11). As this protein cross reacts with
an LBR-reactive human autoimmune serum (12), it is likely
to be identical to LBR. A lamina-associated integral mem-
brane protein that also cosediments with an in vitro-
assembled lamin B copolymer has been identified and termed
LAP 2 (13). This protein has not yet been characterized and
may or may not be identical to LBR. Interestingly, two yeast
ergosterol biosynthetic pathway enzymes, sterol C-24(28)
reductase (Ergdp; encoded by the ERG4 gene) (14-16) and
sterol C-14 reductase (Erg24p; encoded by the ERG24 gene)
(15, 17), appear to be related to LBR. These yeast proteins
show similarity across their entire length with the hydropho-
bic domain of LBR but lack LBR’s N-terminal hydrophilic
domain. For example, ERG24, the gene most closely related
to LBR, encodes a protein of 438 amino acid residues that is
similar (40% identical) to the 432-amino acid hydrophobic
domain of LBR. The cellular location of Erg4p and Erg24p is
unknown. The functional implications of the structural rela-
tionships between these yeast proteins and the vertebrate
LBR remain to be analyzed. For example, does yeast contain
an LBR homolog (see below) that also contains LBR’s
nucleoplasmic domain or does Erg24p also function in lamin
B binding? It is not yet known which (or if both) of LBR’s two
domains functions in lamin B binding.

A detailed analysis of the lamin B-LBR interaction would
be greatly facilitated if it could be performed in yeast as this
cell is readily manipulated by molecular genetic techniques.
Putative homologs of both lamins A and B and LBR have
been identified in yeast (18). However, these proteins have so
far not been further characterized nor have they been local-
ized. Their status as true homologs is at present, therefore,
tenuous. Expression of chicken lamin B in the fission yeast
Schizosaccharomyces pombe has been demonstrated (19);
however, the intranuclear location of the expressed lamin B
was not established. To both probe for endogenous yeast
lamins and yeast LBR and to analyze vertebrate lamin
B-LBR interactions we expressed human lamin B and/or the
chicken LBR in Saccharomyces cerevisiae.

MATERIALS AND METHODS

Construction of Plasmids. Plasmids were constructed using
standard cloning procedures (20). To construct pLBR, a
1.9-kb BamHI-Sac 1 fragment encoding the chicken LBR

Abbreviations: ER, endoplasmic reticulum; HA, hemagglutinin;
LBR, lamin B receptor.
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cDNA (10) from codon 2 through stop codon 638 was
amplified from the plasmid pS8FL (21) using the polymerase
chain reaction (PCR) with appropriate oligonucleotides and
ligated into BamHI-Sac I-digested vector, pLGSDS, a 2-um-
based plasmid with a uracil marker (22). The resulting plas-
mid contained the chicken LBR coding sequence (minus the
initiation codon) fused in frame to the second amino acid of
the CYC1 gene under control of the GALI0 promoter. pLBR
also contains a hemagglutinin (HA) epitope (23) inserted in
the LBR cDNA after codon 29 (21).

To construct pLmB, a 1.8-kb BamHI fragment encoding
the human lamin B cDNA from codon 2 through stop codon
587 was amplified from the plasmid pLAM-2 (24) by PCR
with appropriate oligonucleotides and ligated into the Bam-
HI-digested pRS315G vector, which was generated by in-
serting the 600-bp fragment containing the GALI0 CYCI
sequences from pLGSDS5 (22) into the polylinker of the
vector, pRS315, a centomere-based plasmid with a leucine
marker (25). The resulting plasmid contained the human
lamin B coding sequence (minus the initiation codon) fused in
frame with the second amino acid of the CYCI gene under the
control of the GAL10 promoter.

Strains and Cell Growth. The yeast strain used was W303
(Mata/Mata ade2-1/ade2-1 ura3-1/ura3-1 his3-11,15/his3-
11,15 trpl-1/trpl-1 leu2-3,112/leu2-3,112 canl-100/canl-
100). Plasmids were transformed into W303 by the lithium
acetate method (26) and selected on SM, synthetic minimal
medium (27), supplemented with the appropriate amino acids
and 2% glucose.

For immunofluorescence, electron microscopy, and cell
fractionation of LmB, LBR, and LmB LBR strains, cells
were grown to early logarithmic phase in SM supplemented
with the appropriate amino acids and 2% glucose. Cells were
then pelleted, washed, and resuspended in rich medium
(YPM; 1% yeast extract/2% bactopeptone) containing 2%
galactose and grown for 5 hr. Cells were harvested and
processed as described below.

Immunofluorescence Microscopy. Cells were prepared for
immunofluorescence essentially as described (28). Fixation
was for 5 min at room temperature in 3.7% formaldehyde
(Fluka). Processed spheroplasts were incubated with the
following primary antibodies: anti-LBR IgG (anti-p58) (20
pg/ml), an affinity-purified rabbit anti-peptide antibody (21);
anti-lamin B antibody (1:200), a rabbit anti-peptide serum
(29); undiluted tissue culture supernatant of mouse anti-HA
monoclonal antibody (12CAS; Berkeley Antibody, Rich-
mond, CA). For immunofluorescence and immunoelectron
microscopy, the anti-LBR and anti-lamin B antibodies were
preadsorbed to fixed yeast spheroplasts prepared from wild-
type W303 cells as described (30). Cells were incubated with
secondary antibodies, mounted, and viewed as described
(21).

Electron Microscopy. Yeast cells were fixed in 1% glutar-
aldehyde in 0.1 M sodium cacodylate (pH 7.4) for 30 min on
ice. Spheroplasts were prepared and processed as described
(31). Sixty-nanometer-thick sections collected on Formvar
carbon-coated copper grids were stained with both uranyl
acetate and lead citrate before viewing in the JEOL 100 CX
electron microscope (JEOL) operated at 80 kV.

Nuclear envelopes (see below) were diluted to a final
concentration of 1 M sucrose with buffer containing 10 mM
Bis-Tris (pH 6.5) and 0.1 mM MgCl; and spun at 57,000 X g.
The nuclear envelope pellet was fixed in the same buffer
containing 2% glutaraldehyde and 1 M sucrose for 1 hr on ice
and processed as described above for spheroplasts.

Immunoelectron Microscopy. Spheroplasts (see above)
were fixed in 2% paraformaldehyde/0.05% glutaraldehyde in
0.6 M sorbitol/0.1 M phosphate/citrate, pH 7.0, for 1 hr on
ice. Pelleted spheroplasts were embedded in 10% gelatin,
refixed for 1 hr in the same fixative, infused with 2.3 M
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sucrose, and frozen in liquid nitrogen (32). Cryosections were
collected on Formvar carbon-coated nickel grids and incu-
bated with primary antibodies (see above), followed by goat
anti-rabbit or goat anti-mouse IgG conjugated to 10- or 5S-nm
gold particles (Amersham), respectively. The grids were
processed as described (33).

Yeast Cell Fractionation. Ten liters of logarithmic phase
LmB LBR cells (=4 X 107 cells per ml) was harvested and
incubated in buffer containing 0.1 M Tris (pH 9.4) and 10 mM
dithiothreitol for 10 min at 30°C. Spheroplasts, cytosol, and
crude and enriched nuclear fractions were prepared as de-
scribed (34). Nuclear envelopes were prepared by a modifi-
cation of the procedure described in Kilmartin and Fogg (35)
(C. Strambio-de-Castillia, G.B., and M. Rout; unpublished).
Nuclear envelopes were extracted with urea as described (9).
Protein samples were processed for 10% SDS/PAGE as
described (21), transferred electrophoretically to nitrocellu-
lose filters, and incubated with anti-LBR IgG (4 ug/ml) or
anti-lamin B serum (1:500), followed by horseradish perox-
idase-conjugated goat anti-rabbit IgG (1:1000; Bio-Rad). De-
tection of immunoreactivity was performed as described in
the ““ECL"’ detection system manual (Amersham).

RESULTS

Expression of Human Lamin B and Chicken LBR in Yeast.
To express lamin B and LBR in yeast, the cDNAs encoding
chicken LBR or human lamin B were placed under the
inducible control of the yeast GALIO promoter in yeast
expression vectors (see Materials and Methods). The result-
ing plasmids, pLBR and pLmB, were used (either alone or
together) to transform Saccharomyces cerevisiae to yield
yeast strains LmB, LBR, and LmB LBR.

A
LmB
C
LBR
-3 =
LmB
LBR

FiG. 1. Indirect immunofluorescence microscopy of human
lamin B and chicken LBR expressed in yeast. LmB, LBR, or LmB
LBR cells were grown in the presence of galactose and processed for
indirect immunofluorescence. LmB cells were stained with rabbit
anti-lamin B antibodies (A) and 4',6-diamidino-2-phenylindole
(DAPI) (B). LBR cells were stained with rabbit anti-LBR antibodies
(C) and DAPI (D). LmB LBR cells were processed for double
immunofluorescence by staining with rabbit anti-lamin B antibodies
(E), mouse anti-HA antibodies (F), and DAPI (G). (Bar = 2.5 um.)
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Indirect immunofluorescence was performed to determine
the cellular localization of lamin B and LBR expressed in
yeast. The LmB or LBR cells were grown in galactose, fixed,
and probed with rabbit anti-peptide antibodies to human
lamin B or chicken LBR, respectively. As shown in Fig. 14,
lamin B concentrated in a ring-like structure associated with
the yeast nucleus. Similarly, LBR localized primarily to the
yeast nuclear rim (Fig. 1C; note that only a subset of cells,
those in the plane of focus, display the nuclear rim staining
pattern). To determine the localization of lamin B and LBR

Fic. 3. Thin section morphology of yeast cells containing mem-
brane stacks. LmB LBR cells were grown in the presence of
galactose and processed for ultrastructural analysis. Membrane
stacks were found closely associated with the nuclear envelope (4)
or associated with the plasma membrane and in the cytoplasm (B).
Arrowheads indicate the position of the membrane stacks. The
nucleus (N) is indicated. (Bars = 0.5 um.)
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F1G. 2. Localization of human
lamin B expressed in yeast by im-
munoelectron microscopy. LmB
cells were grown in the presence
of galactose and cryosectioned;
the ultrathin sections were incu-
bated with rabbit anti-lamin B an-
tibodies, followed by anti-rabbit
IgG conjugated to 10-nm gold par-
ticles. (A) Lamin B localized to the
nuclear membrane. (B) In many
cells lamin B concentrated in re-
gions where the nuclear envelope
membrane was juxtapositioned to
the vacuolar membrane. (C)
Lamin B localized to the nucleo-
plasmic surface, indicating local-
ization to the inner aspect of the
inner nuclear membrane. The nu-
cleus (N) and vacuole (V) are in-
- = dicated. (Bars = 0.2 um.)

coexpressed in the same cells, double immunofluorescence
was performed. Here we took advantage of the fact that the

FiG. 4. Localization of human lamin B and chicken LBR coex-
pressed in yeast by immunoelectron microscopy. LmB LBR cells were
grown in the presence of galactose, cryosectioned, and probed with
rabbit anti-lamin B antibodies and mouse anti-HA monoclonal anti-
body; this was followed by incubation with anti-rabbit IgG conjugated
to 10-nm gold particles and anti-mouse IgG conjugated to S-nm gold
particles. A—C show colocalization of lamin B (10-nm gold, arrowheads)
and LBR (5-nm gold) to the inner and outer nuclear membranes and the
membrane stacks. The nucleus (N) is indicated. (Bars = 0.2 um.)
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F1G. 5. Analysis of yeast nuclear envelopes purified from LmB LBR cells. LmB LBR cells were grown in the presence of galactose and
subjected to subcellular fractionation. (A) Electron micrograph of nuclear envelopes purified from LmB LBR cells. The inner nuclear membrane
(INM) can be clearly distinguished from the outer nuclear membrane (ONM), which is studded with ribosomes. (Bar = 0.2 pm.) (B) Immunoblot
analysis of fractions across the nuclear envelope purification. Twenty-five micrograms of protein from each step of the purification was separated
by SDS/PAGE, transferred to nitrocellulose, and stained with amido black (Top) and processed for immunodetection with rabbit anti-lamin B
antibodies (Middle) or rabbit anti-LBR antibodies (Bottom). Lanes: S, spheroplasts; C, cytosol; cN, crude nuclei; eN, enriched nuclei; NE,
nuclear envelopes. Molecular mass markers are indicated in kDa. (C) Urea extraction of purified nuclear envelopes. Nuclear envelopes (T, total)
were extracted with 2 M, 4 M, or 8 M urea and separated by centrifugation into supernatant (S) and pellet (P) fractions. Proteins were separated
by SDS/PAGE and stained with Coomassie brilliant blue (Top) or transferred to nitrocellulose and processed for immunodetection with rabbit
anti-lamin B antibodies (Middle) or rabbit anti-LBR antibodies (Bottom). Molecular mass markers are indicated in kDa.

chicken LBR protein contained an HA epitope inserted into
its N terminus. The LmB LBR cells were grown in galactose,
fixed, and probed with rabbit anti-peptide antibodies to
human lamin B and a mouse monoclonal antibody to the HA
tag. As shown in Fig. 1, lamin B (Fig. 1E) and LBR (Fig. 1F)
colocalized to the yeast nuclear rim.

Lamin B Localizes to the Inner Aspect of the Nuclear
Envelope. For immunoelectron microscopy, LmB cells were
grown in galactose, fixed, cryosectioned, and probed with
rabbit anti-peptide antibodies to human lamin B. Immu-
nogold labeling of ultrathin sections showed that lamin B
localized primarily to the inner nuclear membrane (Fig. 2 A
and C). In many cells (=40-50% of the lamin B-expressing
cells) lamin B accumulated in an unusual subcompartment of
the nuclear envelope, the region where the vacuolar mem-
brane was juxtapositioned to the nuclear envelope (Fig. 2B).

Expression of LBR Induces the Formation of Membrane
Stacks. When LBR or LmB LBR cells were grown in galac-
tose, fixed, and thin sectioned and the thin sections were
analyzed by electron microscopy, striking membrane stacks
were observed. As shown in Fig. 3 (for LmB LBR cells) the
membrane stacks were most often observed to be closely
associated with the nuclear envelope (Fig. 34) but were
occasionally found in the cytoplasm and associated with the
plasma membrane (Fig. 3B). Similar membrane stacks were
found in LBR cells but were never observed in LmB or
wild-type yeast cells. Immunogold labeling (see below) indi-
cated that these stacks were enriched in LBR.

Lamin B and LBR Colocalize to the Nuclear Envelope and
Membrane Stacks. We used double immunogold labeling to

- determine whether lamin B and LBR colocalized when

coexpressed in yeast. LmB LBR cells were grown in galac-
tose, fixed, cryosectioned, and probed with rabbit anti-
peptide antibodies to lamin B and the monoclonal antibody to
the HA-tagged LBR. The bound primary antibodies were

then decorated with specific secondary antibodies conju-
gated to 5- or 10-nm gold particles, yielding labeling of LBR
with 5-nm gold and lamin B with 10-nm gold. Shown in Fig.
4 are examples of nuclear envelopes and perinuclear mem-
brane stacks labeled with both 5- and 10-nm gold, indicating
colocalization of lamin B and LBR.

Localization of lamin B in yeast actually appeared to be
influenced by the coexpression of LBR; the accumulation of
lamin B in the vacuolar-associated region of the nuclear
envelope, which was frequently observed in LmB cells (see
Fig. 2B), was never observed in LmB LBR cells.

Lamin B and LBR Coenrich with Yeast Nuclear Envelopes.
The LmB LBR cells were grown in the presence of galactose
and subjected to cell fractionation. A nuclear subfraction was
obtained that by electron microscopy was enriched in nuclear
envelopes (Fig. 5A). Proteins in the various cellular fractions
were separated on SDS/PAGE and analyzed by immuno-
blotting (Fig. SB). Lamin B and LBR were found to coenrich
to the yeast nuclear envelope fraction.

The proteins of the nuclear envelope fraction were further
analyzed as to their extractability by urea, a strong chaotrope
that solubilizes peripheral, but not integral, membrane pro-
teins. The nuclear envelope fraction from LmB LBR cells
was extracted with increasing concentrations of urea. The
total (T) as well as the extracted (S) or unextracted (P)
proteins were separated by SDS/PAGE and analyzed by
immunoblotting with anti-lamin B or anti-LBR antibodies
(Fig. 5C). With 2 M or 4 M urea (conditions which extract
many peripheral membrane proteins, including a number of
nucleoporins) (36), lamin B remained unextracted (Fig. 5C,
lanes 3 and 5). This may reflect assembly of lamin B into a
lamina-like structure and/or its membrane association. Sol-
ubilization of lamin B from the nuclear envelope required
extraction with 8 M urea (Fig. 5C, lane 6). As expected, LBR
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remained unextracted even at 8 M urea (Fig. 5C, lane 7),
indicating its membrane integration.

DISCUSSION

The colocalization of human lamin B and the chicken LBR
when coexpressed in yeast suggests that these proteins are
capable of interacting with each other in vivo. These in vivo
results are consistent with the previous in vitro binding data
that led to the identification of LBR in the first place (9).
Unexpectedly, the expression in yeast of the chicken LBR,
either alone or together with human lamin B, resulted in the
induction of membrane stacks.

The correct localization of human lamin B to a lamina-
equivalent locale in yeast, subjacent to the inner nuclear
membrane (Fig. 2), suggested that the expressed heterolo-
gous lamin B either became incorporated into a preexisting
yeast lamina and/or interacted with a yeast LBR homolog.
The heterologous lamin B often concentrated in a region
where the nuclear envelope was closely opposed to the
vacuolar membrane (Fig. 2B). The reason for the occurrence
of a close association between these two membranes is
unknown. It is not the result of lamin B expression as it can
occur in wild-type cells. Interestingly, this region of the
nuclear envelope has been shown by serial sectioning to be
devoid of nuclear pore complexes (37). Thus, this region of
the nuclear envelope may provide a site for the accumulation
of excess heterologous lamin B that results from lamin B
overexpression. Consistent with this interpretation is the
finding that heterologous lamin B accumulation subjacent to
the vacuole-associated nuclear envelope region was not
observed when human lamin B was coexpressed with chicken
LBR. Presumably the concomitantly expressed LBR would
provide additional sites for the expressed lamin B, thereby
preventing accumulation in the vacuole-associated nuclear
envelope region.

A surprising result of the expression in yeast of chicken
LBR was the induction of membrane stacks, located near the
nuclear envelope, in the cytoplasm and subjacent to the
plasma membrane. The locations are typical of yeast endo-
plasmic reticulum (ER). The simplest scenario suggests that
the overexpression of chicken LBR amplifies preexisting ER:
the chicken LBR would be integrated into the ER and then
probably sorted to the inner nuclear membrane via its first
transmembrane sequence (21). Once the inner membrane
sites are occupied, additional LBR will remain in the ER,
resulting in ER amplification and formation of membrane
stacks to accommodate the overexpressed LBR. It should be
noted that some ER proteins have previously been reported
to form membrane stacks after overexpression in yeast (for
review see ref. 38).

An important question to be addressed in future experi-
ments is whether the chicken LBR cDNA can complement an
ERG?24 gene disruption in yeast. If so, this would suggest that
LBR may also function in sterol biosynthesis in chicken.
Alternatively, the ERG24 gene and the LBR gene may have
diverged from a common ancestor. Both may have retained
a binding pocket (perhaps formed by some of its eight
transmembrane segments) for the farnesyl moiety of lamin B,
in the case of LBR, or for a sterol biosynthetic intermediate,
in the case of Erg24p.

Note Added in Proof. We found that the chicken LBR cDNA was
unable to complement an ERG24 gene disruption in Saccharomyces
cerevisiae (S.S., G.B., M. Lai, and D. Kirsch; unpublished).
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