








where they are involved in numer-
ous functions, including RNA
polymerase II transcription, pre-
mRNA splicing, nuclear export and
translation.*""” Given the likely
interaction of LBR with repressed
(transcriptionally-inactive)  chro-
matin, an interaction with nuclear
RNA would seem to be unexpected.
However, a recent study'® argues
that nuclear RNA association with
the RS domain of chicken LBR is
important for disaggregation of
LBR oligomeric complexes present
in the inner nuclear membrane.
A similar disaggregation can be
accomplished by binding to DNA
or by phosphorylation with the RS
protein kinase (SRPK1). Thus, the
RS domain may be involved in LBR
structure and function, being in part
regulated by RNA binding or phos-
phorylation. An additional point
in this article"® derives from bio-
informatics predictions of chicken
LBR peptide “order/disorder” in
the N-terminal ~200 aa: the region
from ~61-104 is highly disordered,
whereas the Tudor domain region
is highly ordered. The authors of
the present review have examined
peptide order in the “hinge” region
of human LBR, employing ExPASy
ELM GlobPlot (http://elm.cu.org)
and concur that residues 60—95 are
predicted to be highly disordered
(e, not globular). Similarly, the
human LBR 125-143 region is

highly disordered; but a globular
domain is predicted for residues
144-237. Other than the predicted
motif for binding the HP1 CSD*
(residues 113-117), very little can
be said about the conformation of
the ~100-200 region.

The C-terminal region (~407

terminus.

Figure 2. Structural comparisons of tudor domains in various proteins. All of the structures were
obtained from the Protein Data Bank “PDB” (www.rcsb.org/pdb/) and were oriented and modified using
“Deep View” (http://spdbv.vital-it.ch/index.html). (A) LBR Tudor domain (PDB: 2dig); (B) 53BP| (PDB:
2ig0); (C) JMJD2A (PDB: 2qgqs); (D) Tudor-SN (PDB: 2wac). The bottom left image (E) shows only the puta-
tive binding sidechains in the aromatic cage of 2dig. The bottom right image (F) shows a superposition of
2dig and 2ig0. Arrow heads are the C-termini of $-sheets. Each element of secondary structure is assigned
a color, progressing dark blue, light blue, green, yellow, red as the peptide chain progresses from N-to-C-

aa) of human LBR is character-

ized by predicted transmembrane (TM) segments and observed
C-14 sterol reductase activity. Bioinformatic searches and tools
provide both inconsistent predictions and frustrating suggestions
of conserved motifs and domains. Employing many of the TM
prediction tools available on ExPASy (Suppl. 1), we obtained
clear disagreement on the total number of TM segments: of the
seven tools tested on human LBR, four predicted 8 TM; three
predicted 9 TM. There was some agreement, however; seven TM
segments were predicted in nearly identical positions by all the
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methods. Figure 3A presents the graphical output of the highly
regarded” TMHMM program available through ExPASy or
CBS (www.cbs.dtu.dk/services/). This program predicts 8 TM
segments and specifies the direction of the TM segment (i.e., in
the case of LBR, “inside” refers to the nucleoplasm; “outside”
refers to the lumen between the INM and ONM). Figure 3B
schematically represents the conformational consequences of
LBR possessing 8 or 9 TM segments: 8 segments would posi-
tion the N-terminal ~208 aa and the C-terminal postTM ~38
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Figure 3. Predicted transmembrane (TM) structure of human LBR. (A) TMHMM program from CBS (www.cbs.dtu.dk/services/) applied to human
LBR (NP_919424). Axes: P, probability of TM domain; LBR amino acids, |-615. The upper line displays the positions of the predicted TM domains
(red), the nucleoplasmic side of the INM (blue) and the perinuclear cisternal side (pink). Note the very strong predictions for the first 4 TM domains.
(B) Scheme demonstrating the consequences of 8 versus 9 TM domains to the disposition of the C-terminal “tail.” The red asterisks denote the sterol
reductase signatures | and 2 (shown in Fig. I). It should be emphasized that this cartoon represents the sequence of TM domain laid out in a line, an
unlikely positioning. More likely would be different orientations and possible interactions between the various TM domains (shown in Figs. 5 and 8).

aa within the nucleoplasm; 9 segments would flip the C-terminal
“tail” into the lumen between the ONM and INM. The signifi-
cance of this conformational difference is unfortunately obscure,
since no function has been ascribed to the C-terminal tail.

Employing ExPASy (Pattern and Profile Search, ScanProsite)
with human LBR (Swiss-Prot Q14739) returned two motifs
within the C-terminus described as “Sterol Reductase Family
Signatures 1 and 2” with homologies to many sterol reductases,
including yeast ERG 4 and 24 and human TM7SF2 and
DHCRY: signature number 1 spans from residues 362-377; sig-
nature number 2 spans from residues 579-602 in human LBR
(see Fig. 1). Superimposing these residue positions upon the
TMHMM prediction (Fig. 3B), both signatures would be within
the nucleoplasm; but 9 TM segments would flip signature 2 into
the perinuclear cisternae.
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An additional feature associated with cholesterol homeostasis,
named “sterol-sensing domain (SSD)” has been identified in a
number of proteins, including DHCR7 and HMG Co-A reductase
(HMGCR).!?%123 The SSD is highly conserved with representa-
tives found ranging from humans to nematodes. The consensus
topology is described as consisting of ~180 amino acids orga-
nized into a cluster of five consecutive TM domains. Examining
a Clustal W pairwise alignment of human HMGCR with human
LBR indicated that the putative HMGCR SSD region (residues
57-230) did not align with the C-terminus of human LBR (data
not shown). However, a potential SSD of human DHCR7,'*
spans residues 181-362, encompassing Sterol Reductase Family
Signature 1. Comparing the aligned human DHCR7 and human
LBR (Fig. 1), the LBR SSD could extend from residues 330-512,
aregion including ~4 TM segments. In addition, a short sequence
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feature associated with the SSD is the tetrapeptide YIYF, observed
in human HMGCR, SCAP and other proteins, with a variant
(YYIF) seen in human DHCR7.!# The sequence YYIF is also
seen in human TM7SF2, with YVIF observed at a correspond-
ing position in human LBR. (Parenthetically, it should be noted
that the final 3 residues of human LBR and TM7SF2 are “YIY”).
The SSD appears to respond to varying levels of cellular sterol by
modifying protein conformation and function, probably acting
as a regulatory domain. At this time, there is no convincing indi-
cation that LBR actually possesses an SSD, nor what regulatory
role it might play in LBR function.

Both Pfam and the NCBI Conserved Domain Database
(CDD) identify the entire C terminal domains of LBR, DHCR7
and TM7SF2 as members of the ERG4_ERG24 family of ergos-
terol biosynthesis domain (e.g., residues 205-615 of human LBR
match the domain with expectation values of 5e-221 and le-147
using hmmpfam to Pfam_fs and blastp to the CDD, respectively).
This domain is a member of the ICMT (isoprenylcysteine meth-
yltranferase) CDD superfamily, and the last ~100 amino acids of
LBR have a significant match to the ICMT conserved domain
(residues 521-615 of human LBR have an expectation value of
9e-8). Human ICMT is an integral membrane protein present
within the ER. It has 284 aa and contains 8 predicted TM seg-
ments with the N and C termini facing the cytosol.'* Only one
gene for the ICMT class of methyltransferases is present within
the sequenced mammalian genomes. Deletion of ICMT in mice
15 JCMT operates on a class of
proteins that terminate with a CaaX motif (C denotes cysteine;

results in embryonic lechality.

a, any aliphatic aa; X, any aa). Following prenylation of the
cysteine, a protease (Rcel) removes the aaX and ICMT methyl
esterifies the isoprenylcysteine carboxyl moiety. Of the target
CaaX group of proteins, the most prominent is the RAS super-
family of GTPases, whose numerous mutations and alterations of
expression are associated with a variety of cancers. Consequently,
the enzymes involved with isoprenylation, proteolysis and methyl
esterification are major targets for anticancer drugs.'** Lamins are
another group of CaaX proteins that are modified like the RAS
proteins, promoting their interaction with the membranes of the
NE, although mature lamin A does not maintain this functional-
ity. Recent studies employing embryonic mouse fibroblasts made
null for Reel or ICMT suggest that carboxymethylation of lamin
Bl may not be essential for a normal lamina.'”” However, it is
conceivable that the ICMT “property” of the LBR C-terminus
(or, indeed, a “property” in TM7SF2 and DHCR7) may be
redundant for the lamins, compensating for loss of the bonafide
ICMT. As yet, the significance of the homology between ICMT
and the C-terminus of LBR remains a mystery, since no methyl-
transferase activity has ever been demonstrated with LBR.

The Phylogenetics of LBR

Analysis of the human LBR gene suggests that a recombination

of two different genes (one related to sterol reductases) might

16

have been involved in the evolution of the LBR gene.'® In a

recent study of the evolution of the nuclear envelope and nuclear

106

pores employing bioinformatic tools,'® the authors support this
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contention (also mentioning the Tudor domain as part of the
N-terminus) and suggest that LBR is unique to vertebrates. This
latter conclusion reflects the more limited database of completely
sequenced eukaryotic genomes available at that time (2004). We
searched NCBI databases and currently available genomes for
copies of DHCR7, TM7SF2 and LBR. We found that DHCR7
is present in all three major multicellular groups (animals, fungi
and plants), TM7SF2 is present only in some vertebrates, and
LBR is present in at least some non-vertebrate deuterostomes
(Fig. 4). TM7SF2 appears to have originated through a gene
duplication early in vertebrate evolution and to have been subse-
quently lost in some lineages, as we were unable to locate a copy
of the gene in the complete or nearly complete genomes of the
chicken or the platypus (although we were able to locate com-
plete copies of LBR and DHCRY7). The relationship of LBR to
DHCRY shown in Figure 4 suggests that at least the C-terminal
region of LBR is more ancient than deuterostomes. Supplement 2
presents the evidence for designating as “true” the LBR orthologs
found in two non-vertebrate deuterostomes: the sea squirt, an
ascidian chordate, and the sea urchin, an echinoderm. LBR
genes in both species are similar to human LBR across their
entire length and both contain N-terminal Tudor domains, two
conditions lacking in the DHCR?Y orthologs identified in both
genomes. We also identified potential LBR homologs in the par-
tial genome sequences currently available for the cephalochordate
Branchiostoma floridae and the hemichordate Saccoglossus kowa-
levskii; however, we were only able to annotate the C-terminal
ERG4_ERG24/ICMT region (and were also only able to locate
a fragment of DHCR7 in S. kowalevskii). As there is no col-
laborating mRNA evidence, we cannot conclude whether the
cephalochordate and the hemichordate genes lack the Tudor
domain region, or if the sequence assembly is incomplete, or if
a large intron thwarted our attempt to annotate the full-length
coding sequences. Identification of potential LBR genes has not
been extended to mollusks, annelids, cnidarians (coral, anemo-
nes and jellyfish), sponges or comb jellyfish. Hopefully, with the
completion of more genomes in different taxa, resolution of the
evolutionary emergence of a recognizable LBR will become even
clearer. It is also worth pointing out that the residues of the LBR
Tudor “aromatic cage,” involved in the presumptive binding of
H4K20me2, appear to be very highly conserved (Table 3). This,
combined with conservation of the C-terminal structure, argues
that the function of LBR has remained conserved, at least since
the appearance of the deuterostomes.

The issue of an arthropod LBR is a bit more problematic.
The best studied putative arthropod LBR is from Drosophila,
“dLBR.”'# Similarities with vertebrate LBR are that this pro-
tein is basic (pI = 9.83) with a C-terminus (residues 307-741)
containing 8 putative TM regions. Furthermore, specific anti-
bodies demonstrate that dLBR is localized to the INM, and
that the N-terminus binds to Drosophila lamin Dm0 and to
Xenopus sperm chromatin. However, there is no discernible phe-
notype when silenced by RNAL!#® We estimate that Drosophila
LBR shares “marginal” 24% identity with residues 110-615 of
human LBR and has a match to the ERG4_ERG24 domain
at residues 313-653 (Suppl. 2). However the match to the
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Figure 4. Bayesian phylogenetic tree Of LBR, TM7SF2 And DHCR7 From selected taxa. The taxa are: human (Homo sapiens); mouse (Mus musculus);
platypus (Ornithorhynchus anatinus); chicken (Gallus gallus); frog (Xenopus laevis); fish (Danio rerio); sea urchin (Strongylocentrotus purpuratus); sea squirt
(Ciona intestinalis); sea anemone (Nematostella vectensis); fungus (Aspergillus oryzae); and plant (Arabidopsis thaliana). Where LBR or TM7SF2 is not pres-
ent in the tree it was not found in the genome of that taxon. The clades of LBR, TM7SF2 and DHCR?7 are colored blue, red and green, respectively;
percent posterior probability support for each node is shown; the scale bar represents changes per nucleotide position. Peptide sequences were
aligned independently with Muscle'*® and T-Coffee;'"*' these alignments were used with the program Combine'*' to generate a final peptide alignment
that was used to align the nucleotide coding sequences. The tree was generated using MrBayes 3.1,'*2 employing the general time reversible model,
with rate variation modeled using a gamma distribution and allowed to vary over time (nst = 6, rates = gamma, covarion = yes). Evolution of codon
third positions was modeled independently of evolution at codon first and second positions (unlink revmat, statefreq and shape). Two independent
runs of 4 chains each were run for 2e6 generations and sampled every 100 generations; comparison of the parameter estimates from the two runs
indicated convergence. The first le5 trees were discarded as “burnin” before generating the consensus tree.

Table 3. Conservation of LBR aromatic cage residues
Residue number”
23 41 43
Y

Species

Human
Mouse
Platypus
Chicken
Clawed Frog
Zebra Fish
Sea Urchin

222222z x
"< < < < < <
m"m o< < < < <

UU0UO0UO0UO0 O

Sea Squirt D

-4 4 4 4 4 4 +

T

“Based on human LBR sequence; Single letter amino acid code: W, tryp-

tophan; Y, tyrosine; F, phenylalanine; D, aspartic acid; T, threonine
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ERG4_ERG24 domain is much less significant than other LBR
or DHCRY proteins. Consistent with this, the protein lacks sterol
reductase activity (testing for complementation of the yeast erg24
mutant).!?® Other dissimilarities that we note with deuterostome
LBR include the absence of a Tudor domain and a reduced RS
region. The authors'?® suggest that the sterol reductase activity of
dLBR has been lost during evolution, in parallel with the derived
inability (devolution) of insects to synthesize sterols de novo. A
recent article'” has suggested that an ortholog to dLBR can be
found in the genome of C. elegans, which is also auxotrophic for
sterols. Like dLBR, the product of this gene would lack a Tudor
domain. The authors propose that both the Drosophila and
C. elegans proteins have evolved new functions, such as involve-
ment with intracellular protein-trafficking and/or protein fold-
ing. We note that we were unable to identify a DHCR7Y ortholog
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Figure 5. Structural models of human LBR, Modified From MODBASE (http://Salilab.Org/Modbase). (A) Tudor domain (residues 2—55), presenting a
different view of 2dig, rotated ~90° around the vertical axis, as depicted in Figure 2A; (B) C-terminus of human LBR (residues 213-508). The homolo-
gous “template” for the structural model of the C-terminus is the crystal structure of aberrant Ba-3 cytochrome C oxidase from Thermus thermophi-
lis (PDB: 1ehk). It should be mentioned that cytochrome C oxidase has only marginal amino acid homology (~15%) with human LBR. Color-coding of
the direction of the peptide chain in both models is as described in Figure 2.

in the complete genome of either species, which is startling given
its wide conservation in eukaryotes. The evolution of dLBR and
the C. elegans protein may have been influenced by the loss of
DHCRY; given the lack of a Tudor domain and of C14 sterol
reductase activity (in dLBR) they are unlikely to have a similar
function to deuterostome LBRs. Thus we suggest that referring
to them as LBRs may be misleading.

Conundrums and Speculations

How should we define LBR? What is its structure within the
INM? What are its functions within the INM? Which of the
various putative binding partners and post-translational modifi-
cations are important for the presumed multiplicity of LBR func-
tions? Unfortunately, the answers to these questions still evade
us. Furthermore, it is likely that a clear answer to the first ques-
tion (i.e., the “definition,” for phylogenetic purposes) will be one
of the most difficult, since it depends upon the other answers,
plus a convincing evolutionary historical reconstruction.

What are some of the structural questions that need to be
answered? There must be a clear identification of which ligand(s)
actually bind to the LBR Tudor domain and whether this bind-
ing results in conformational and functional consequences. Our
predictions that the LBR Tudor domain might have a preference
for H4K20me2 acquires more significance in the light of the
earlier data that methylated lysines of histone H3 and H4 are
observed in immunopurified complexes with LBR.“ We need to
know whether deuterostome HP1 proteins can be documented
to bind to their corresponding species LBR. Unfortunately, the
putative HP1 CSD-binding motif (i.e., VxVxL in human LBR)#
can not be found in other deuterostome LBR proteins (data not
shown). Does this invalidate the binding motif? Or will it even-
tually be determined to be very species-specific?
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The number and 3-D positioning within the INM of the
TM segments of LBR must be solved. A prediction of the LBR
C-terminal conformation (residues 213—508) is available from
ModBase!* (as is a model of the Tudor domain); both are shown
in Figure 5. In addition, considerable recent progress has been
made in the accurate prediction of the 3-D structure of a-helical
membrane proteins, utilizing cryo-electron microscopy at a reso-
lution sufficient to provide structural constraints combined with
sophisticated computing methods.?'% Examples of models for
a-helical membrane proteins can be found at several websites (for
example, htep://blanco.biomol.uci.edu/Membrane_Protein_xtal.
html), but none (except the ModBase prediction) is yet available
for the LBR C-terminus. Furthermore, it is not clear whether LBR
forms higher quaternary structures within the INM, although
this possibility has been suggested.*® Ideally, we would like to see
LBR expressed and embedded into synthetic membranes of vary-
ing composition, to determine whether the presence (or absence)
of sterols influences the tertiary and quaternary structures, and
the sterol reductase activity.

What are the functional issues to be addressed? We need to
know whether the N-terminus of LBR interacts with repressed het-
erochromatin, active euchromatin or intranuclear RNA-containing
bodies. Current evidence favors the first option. It would be useful
to see whether mutations in the N-terminus influence the higher
order interphase nuclear architecture. Presently, there is only sug-
gestive evidence that the absence of LBR might influence expres-
sion of some genes. Mouse homozygous ic/ic EPRO cells reveal
a surprising increase in lamin A/C expression, besides the ovoid
nuclei and redistributed heterochromatin.®> We can only speculate
that the presence of sufficient LBR during granulopoiesis may func-
tion directly (or indirectly) to silence the lamin A/C gene. Possible
recruitment of the lamin A/C gene into the perinuclear heterochro-
matin could be explored using in situ hybridization technology. It
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Figure 6. Imperfect co-localization of LBR and lamin B as studied by immunofluorescent staining. (A) Granulocytic MPRO nuclei: The ring-shaped
granulocyte nuclei were stained with anti-LBR (Cy3, red) and anti-lamin B (FITC, green), see for details."**'* The mid-section is the middle image; left
and right images are the top and bottom surfaces of the NE. (B) U20S: The ovoid nucleus was stained with anti-LBR (Alexa 488, green) and anti-lamin
Bl (Cy3, red). Note the apparently good co-localization of the two colors in the mid-section view; whereas, the top (left) and bottom (right) nuclear
surfaces exhibit islands of red and of green.

is worth pointing out that the adult human tissue with the highest
level of LBR mRNA expression is bone marrow.'*

There are tantalizing indications of a “connection” between
lamin A/C and LBR. Lamin A has been identified in a detergent
solubilized “LBR complex” isolated by immunoprecipitation.'® In
addition, a more recent study of a lamin A mutation in a spe-
cific patient with autosomal-dominant Emery-Dreifuss muscular
dystrophy,’® indicated partial loss of LBR from the NE to the
ER. The authors speculated that some unknown nuclear protein
might be mediating the interaction between lamin A and LBR,
and that this particular lamin A mutation is unable to bind to the
unknown protein. To our knowledge, there have been no other
searches for this postulated bridging protein.

It is not clear what evolutionary pressures selected for con-
centrating a C-14 sterol reductase (LBR) within the INM, when
all the other cholesterol biosynthetic enzymes (post-squalene)
reside within the ER. (A small amount of LBR can be frequently
observed within the ER). We® and others**' have speculated
that LBR plays a special role in NE membrane formation, pos-
sibly most crucially during post-mitotic NE reformation.®’%”!
However, there must be functional redundancy, since homozy-
gous 7c EPRO cells are deficient in LBR but can still divide
(and differentiate) in vitro.®>%”

Our speculation that LBR is involved with NE membrane
growth is based upon our studies with granulocytic cells dif-
ferentiation in vitro and in vivo: (1) a positive correlation was
observed between increased LBR levels in HL-60 cells, appear-
ance of nuclear lobulation and formation of ELCS;%82% (2) a
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correlation between LBR mutations resulting in a deficiency of
LBR and hypolobulation of granulocyte nuclei in human PHA
and mouse ichthyosis (7c);*%% (3) an estimated reduced NE
surface area in EPRO cells derived from homozygous ic bone
marrow cells.® Overexpression of LBR in yeast’® and HeLa’ is
certainly consistent with our speculation, but overexpression of
membrane-associated protein may be fraught with artifactual
issues.'%

When a membrane resident protein (cytochrome b5) was
expressed (with or without GFP) in COS-7 cells, an extensive
formation of stacked “organized smooth ER (OSER)” mem-
branes was observed in the cytoplasm and adjacent to the NE.'%¢
The authors demonstrated that the protein minimal require-
ment for OSER formation was a transmembrane region coupled
to a cytoplasmic portion which is capable of “homotypic” inter-
actions (GFD, being sufficient; but a nondimerizing GFP, not
sufficient). Later studies extended these observations to lamins
and stressed the importance of isoprenylation of the cysteine
in the C-terminal CaaX motif."*”'* In the first study,'”” GFP-
lamins B1 and B2 were expressed in Xenopus oocytes and exten-
sive stacked membrane arrays were observed within the nucleus.
Similar intranuclear membrane stacks were observed in HeLa
cells transfected with a plasmid containing an NLS-GFP-CaaX
construct. In the second study,'*® Xenopus A6 cells were trans-
fected with a variety of lamins from different species. Moderate
levels of expression of lamins A and B2 exhibited nuclear
lobulation, with essentially no intranuclear membrane arrays;
lamin C, without the CaaX motif did not induce lobulation
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or intranuclear membranes. High lev-
els of expression of GFP-lamins (not
including lamin C) lead to extensive
Mutation
of the cysteine to a serine in lamin
B2 CaaX prevented the membrane
growth. The importance of isoprenyla-
tion of cysteine in the CaaX motif is
further underscored by the observation

intranuclear membranes.

that a Drosophila protein that regulates
NE size and shape (“Kugelkern”) con-
tain an NLS and a C-terminal CaaX
motif, and is a candidate for farnesyla-

PERINUCLEAR SPACE
+/+ +/ic

tion."?® No convincing mechanism has

been demonstrated connecting integra-
tion (or binding) of a protein into the
NE or ER membranes with membrane
growth. Current models often include
the suggestion that structural changes

Figure 7. Thin-section electron micrographs of undifferentiated EPRO cells with measurements of

the perinuclear cisternal width. Images for three genotypes are shown: +/+; +/ic; ic/ic. In each case, the
average distance across the cisternae was determined, based on a total of >170 measurements.Also
notice the presence of a ~20 nm wide layer of chromatin, immediately adjacent to the NE, regardless of
genotype. Measurements were also performed on thin-sections of granulocytic EPRO cells, with virtually
identical results (data not shown).

in the membrane due to protein inser-
tion, trigger lipid synthesis in a manner
analogous to the feedback control of cholesterol bio-
synthesis. Studies are clearly required which would
examine the quantitative and qualitative changes in
cellular membranes during the induction of OSER
or ELCS, and of nuclear lobulation. It is also inter-
esting to speculate that the LBR induction of NE
membrane changes might be a direct effect, or an
indirect effect, due to its possible cysteinyl methyl
transferase (ICMT) activity operating upon the
lamin CaaX motif.

During our laboratory’s explorations of LBR and
nuclear shape, we have encountered several puzzling
microscope images, which are documented here; hope-
fully, they will stimulate further research: (1) Confocal
images (Fig. 6) of mouse granulocytic MPRO cells'®’
and human U20S cells immunostained for LBR
and lamin B revealed that, although both are local-
ized in the NE, optical slices from the top and bot-
tom of the nuclei revealed imperfect co-localization!
This was not an expected result, given the presump-
tion that LBR binds lamin B. It is important to repeat
this experiment with in vivo fluorescent staining.
(2) Thin-section electron microscopy of undif-
ferentiated (Fig. 7) and granulocytic EPRO cells®
revealed, quite surprisingly, that the distance between
ONM and INM significantly decreased, progress-
ing from (+/+)>(+/ic)>(ic/ic). Does this mean that
the C-terminus of LBR points into the lumen, con-
tributing to a protein bridge that separates the two
NE membranes? (3) The same electron microscope
images of EPRO cells (Fig. 7) showed that, despite the
significant movement of heterochromatin away from
the NE in granulocytic (ic/ic) cells, there remains a
layer of chromatin just under the NE? Clearly, some
other protein(s) are binding this chromatin to the
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Figure 8. Cartoon representation of LBR embedded within the nuclear envelope.
Landmarks: INM, inner nuclear membrane (yellow); N and C, termini of LBR (green);
L, lamin meshwork (brown); TD, Tudor domain; HPI, heterochromatin protein |
(red); CHR, peripheral heterochromatin with nucleosomes (blue). For illustrative
purposes, the dimensions are distorted, with LBR drawn at the highest magnification.
Other structures are also not drawn to scale in this cartoon; for currently accepted
dimensions, the INM is ~5 nm thick; L, ~I5 nm thick; CHR, ~20—-30 nm diameter.
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NE. What are those proteins? Is this a unique category of chro-
matin or DNA?

Our Current View

We think that LBR has at least three important functions for
the cell: (1) contributing to post-mitotic nuclear reformation;
(2) contributing to interphase NE growth; (3) contributing to
compartmentalization of heterochromatin within the inter-
phase nucleus. LBR may play other roles, such as a “back-up”
enzyme for sterol biosynthesis or for lamin isoprenylation, under
certain conditions and in specific cells. With respect to post-
mitotic nuclear reformation, we suggest that the early binding
of LBR to decondensing mitotic chromosomes is mediated by
LBR Tudor domain-H4K20me2, by LBR-HP1-H3K9me3 and
by LBR basic RS region-DNA interactions. The consequence of
these interactions is to attach the post-mitotic ER to the hetero-
chromatin. Later interactions with lamin B might be mediated
by presently unknown binding sites on the LBR N-terminus and
by putative ICMT functionality interacting with isoprenylated
cysteine derived from the lamin CaaX. Interphase NE growth,
as exemplified by NE expansion during S phase or ELCS for-
mation in granulocytic HL-60 cells, may be related to both the
sterol reductase and putative ICMT functions as the levels of NE
bound LBR increase (a point not yet studied in S phase cells).
Compartmentalization might be accomplished in the interphase
nucleus by LBR-heterochromatin interactions, mentioned earlier,

bringing pericentric and transcriptionally-inactive regions adja-
cent to the NE. Figure 8 presents a cartoon of LBR embedded
within an interphase NE. This fanciful drawing (not to scale)
displays the C-terminus with multiple TM segments spanning
the INM, regions of the N-terminus threading through and
interacting with the lamina meshwork, and the Tudor and HP1
binding domains forming attachments with the peripheral het-
erochromatin. We believe that when LBR is fully understood, it
will present a fascinating example of a protein that exists in two
worlds (i.e., hydrophilic and hydrophobic) with multiple tasks in
the NE, bridging and communicating structural and functional
information.
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