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Maturation of nuclear lamin A involves a specific carboxy-terminal
trimming, which removes the polyisoprenylation site from the precursor;
implications for the structure of the nuclear lamina
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Lamin A, a nuclear lamina protein of differentiated cells, is synthesized as a precursor of the mature molecule. Protein sequencing of the carboxyterminal 14 kDa fragment shows a lack of the last 18 residues predicted by cDNA sequencing. The carboxy-terminal proteolytic maturation explains
previous biochemical results including the loss of the pol~sop~nylation
site now located to the CXXM motif at the end of the chain. This view
and earlier results on lamin B predict multiple post-translational modifications shared by lamins A and B. While retained by lamin B, which is
present in all cells, they are lost by maturation from lamin A, which probably acts only as an additional lamina constituent in differentiated cells.
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1. INTRODUCTION
The nuclear lamina lining the nucleoplasmic surface
of the inner membrane is important for organization of
interphase chromatin and envelope integrity (for
reviews see [1,2]). Its major structural components are
the lamins. Mammalian lamins A and C arise by differential splicing from the same transcript with the
smaller lamin C essentially being a truncated form of
lamin A [3,4], while lamin B is encoded by a different
gene [5]. Birds express lamin A and two distinct lamin
B species but no lamin C [6,7]. Although all cDNA sequences for lamins A and B predict the same carboxyterminal motif CXXM with X being preferentially an
aliphatic-hydrophobic
residue, the larger lamin A
molecules carry a unique domain which precedes the
CXXM motif f4-111. During mitosis the lamina
disassembles probably due to hyperphosphorylation.
Lamin A-type molecules become solubilized while Btype lamins remain associated with membrane vesicles
[12]. Metabolic labelling studies and pulse-chase experiments point to multiple post-translational steps between the synthesis of lamin polypeptide chains on free
polysomes and their mature forms which are deposited
into the lamina [13-201. Lamin B-type molecules
become 0-methylated [16-181 and incorporate a very
hydrophobic derivative of mevalonic acid, thought to
be a polyisoprenylate group [19,20]. Mature lamins A
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of m~mals and chicken show a reduction in apparent
molecular weight on SDS gels [13,14,20] and become
less basic upon isoelectric focussing [ 141. To understand the transition between the lamin A precursor and
the postulated mature lamin A in a background of
other modifications requires the sequence predicted
from the cDNA to be matched to the amino acid sequence established by direct sequencing of the mature
lamin A molecule.
Here we show by protein sequencing that lamin A
isolated from EAT cells lacks the carboxy-terminal 18
residues predicted from the cDNA sequence. The
postulated proteolytic processing event removes the
CXXX sequence at the carboxy-terminal end, which is
thought to be the site of polyisoprenylation.
Thus
mature lamin A lacks the membrane anchor retained by
mature lamin B. This molecular difference between
mature lamins A and B nicely fits the observation that
all cells express lamins B, while lamin A expression
seems an additional event reserved to cells of differentiated tissues [21-231.
2. MATERIALS

AND METHODS

Lamins were purified from the murine EAT cell line as described
[24]. Fractions containing a mixture of lamins A and C were used
(fig. I). After reaction of the cysteines with 2-vinylpyridine the protein was subjected to cleavage with BNPS-skatole 1251. Fragments
were separated by HPLC using a PLRP-S column (300 A, 8 pm;
150 x 4.6 mm; Polymer Laboratories) and an acetonitrile gradient in
0.1% trifluoroacetic acid. The carboxy-terminal 14 kDa BNPSskatole fragment of lamin A was identified by its N-terminal sequence. This followed the amino acid sequence past the last tryp-
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tophan predicted from the cDNA sequence (fig2a).
Gas phase
sequencing was on an Applied Biosystems sequenator
(model A470)
with an on-line PTH amino acid analyzer. The remainder of the sequence of the fragment was established
from peptides obtained by
digestion with trypsin and endoproteinase
Asp-N, respectively.
Peptides were separated by HPLC on a Shandon C-18 column and sequenced.
The shorter carboxy-terminal
BNPS-skatole
fragment
of
lamin C was also identified. Its sequence was obtained by automated
sequencing
of the fragment and the peptides arising from digestion
with trypsin and endoproteinase
Glu-C, respectively.
3.

12
Fig.1. SDS-PAGE of
(lane2). Lane 1 gives

(a)
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lamins A plus C isolated from .murine EAT cells
standard proteins and the arrowhead marks the
top of the gel.

RESULTS

To map the molecular difference between the lamin
A precursor and the mature lamin A, we used the mixture of lamins A and C from murine EAT cells (for
purity see fig.1). Lamin A molecules from man,
chicken and Xenopus [4,6,9] show high sequence
homology and conserve 4 tryptophan residues in the
carboxy-terminal tail domain. The last of these tryptophans (position 520 of the human sequence) lies some
145 residues before the carboxy-terminal end predicted
for the lamin A precursor. Therefore the mixture of
murine lamins A and C was treated with BNPS-skatole.
The carboxy-terminal
fragment of lamin A was
characterized by its N-terminal sequence and the se-
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Fig.2.

(a) Carboxy-terminal
sequences of the lamin A precursors predicted by cDNA sequencing for man (hu), chicken (ch) and Xenopus laevis
In the chicken and Xenopus sequences only those residues differing from the human sequence are given. Dashes allow for a better
alignment.
The upper line (mu) gives the corresponding
sequence for the mature murine lamin A established by protein chemistry. Again only
changes versus the human sequence are given. The sequence starts past the last tryptophan
(W) at which BNPS-skatole
cleaves (marked by an
arrowheadxesidue
520 of the human sequence [4]). Note that the carboxy-terminal
18 residues predicted from the cDNA for the human precursor
are absent in the mature murine protein (thick line). The arrow marks the proposed proteolytic
site. Note also the presence of several cysteine
residues (C) earlier in the 14 kDa region and the single cysteine in the region lost upon maturation.
The latter is marked by a filled circle to indicate
where the precursor was polyisoprenylated
(see section 4). The residue marked X in the murine sequence indicates a potential microheterogeneity
in lamin A of EAT cells as in different peptides it was encountered
as Y and C respectively.
(b) Murine lamin C shows the same sequence as
lamin A up to the R marked by a star in panels (a) and (b). The subsequent 6 residues are unique to lamin C (underlined).
The panel shows a
comparison
of the carboxy-terminal
region of murine lamin C obtained by protein chemistry with that of human lamin C predicted from the
DNA sequence [3,4].
(xe) [4,6,9].
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quences obtained on tryptic peptides and peptides
derived by endoproteinase Asp-N. As shown in fig.2a
the last 18 amino acid residues predicted by the human
cDNA sequence were absent in the completed sequence
of the carboxy-terminal fragment of lamin A. The lack
of lysine and arginine in the tryptic peptide SY strongly
suggested that this dipeptide corresponds to the
carboxy-terminal
end of mature lamin A. This positioning was confirmed by the overlapping octapeptide
DNLVTRSY
obtained by endoproteinase
Asp-N,
which cleaves before Asp (fig.2a). Maturation of lamin
A therefore involves a specific proteolytic event occurring 18 residues from the carboxy-terminal end. The
residues adjacent to the cleavage site are conserved in
the 3 lamin A precursors for which cDNA sequence is
available. The sequence preceding the site is RSY in
mouse, man [4] and chicken [6], and RNF in Xenopus
[9]. In the 3 species for which the sequence is known,
the 3 residues following the site are XXG, where X is
a large hydrophobic residue [4,6,9] (see fig.2a).
As a further consequence of our analysis we provide
the sequence of a 14 kDa fragment of murine lamin A
and show that over this region murine and human
lamin A display 88% sequence identity (fig.2a). The
results on murine lamin C show that just as in man [3,4]
this lamin has only 6 unique residues at the carboxyterminus, which are not found in lamin A. Lamin C is
not subjected to maturation since the protein sequence
follows the prediction from the cDNA sequence
(fig.2b).
4. DISCUSSION
We have shown by protein sequencing that mature
murine lamin A lacks the carboxy-terminal 18 residues
predicted by the cDNA sequence of the human lamin A
precursor. Thus the lamin A maturation observed by
others [ 13-151 involves single or multiple proteolytic
events at the carboxy-terminal end of the precursor.
The proposed final cleavage site shows a reasonably
strong homology in the currently available precursor
sequences. The position of the cleavage site is consistent with earlier results [13,14] indicating a change in
apparent molecular mass of some 2000 to 3000 and a
more basic pZ for the precursor [14] (see fig.2a). Since
maturation is thought to be a nuclear process [ 13,141 a
nuclear protease seems responsible for the event. The
position of the cleavage site also fits the recent observation by Beck et al. that polyisoprenylation of the lamin
A precursor is lost on maturation [20]. This result
together with the cleavage site, now defined, locates the
isoprenylation site as a cysteine specific modification
[26-281 to the sole cysteine in the last 18 residues of the
lamin A precursor. This cysteine is part of the carboxyterminal CXXM motif (fig.2a).
Studies on yeast a factor [26] and ras proteins [27]
show that a carboxy-terminal CXXX sequence (X being
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predominantly an aliphatic-hydrophobic
residue) is involved in the following set of post-translational
modifications: polyisoprenylation at the sulfur of the
cysteine, removal of the three X residues and methylation of the new carboxylate of the cysteine (our interpretation of the order of events). The polyisoprenyl
substitution seems to be the farnesylCrsHzs group
[26,28]. A similar scenario is at least in part already indicated for the mature lamin B forms, which again
carry the CXXM motif [5-8,10,11]. Mature lamin B is
methylated [ 16- 181 and contains a stable polyisoprenyl
substitution
[ 19,201. Thus the multiply modified
carboxy-terminal cysteine of mature lamin B becomes
a perfect membrane anchor for lipid insertion. The loss
of such an anchor in mature lamin A explains its
solubilization in mitosis where lamin B remains membrane bound [12,29]. Thus lamin C, which lacks a
possible modification site (fig.2b), and lamin A, which
loses the substitution upon maturation (fig.2a), differ
from lamin B in that they lack a membrane anchor and
therefore probably cannot build a nuclear lamina on
their own. This view fits the finding that lamin B expression is constitutive in all cells, while lamins A/C
when present are additional lamina components only
found upon cell and tissue differentiation [21-231. This
leaves the physiological function of lamin A maturation open. Since lamin A seems to be processed like
lamin B to the polyisoprenylated state but subsequently
loses its potential anchor, further work should concentrate on testing whether the unique 60 residue carboxyterminal domain of lamin A provides a possible interaction site for specific nuclear components. Since lamin
B lacks this domain it may be involved in interactions
specific for differentiated cells. Interestingly A-type
lamins are thought to interact more directly with
chromatin than lamins B [ 121. It also remains to be seen
why the protease responsible for lamin A maturation
does not recognize lamin B.
During the review process we have learned that K.
Vorburger, G.T. Kitten and E.A. Nigg (manuscript
submitted to EMBO J.), using a different approach,
have identified the cysteine in the CXXM motif as the
isoprenylation site in chicken lamin Bz and also in the
precursor for chicken lamin A. We also note that a fulllength clone for murine lamin C has meanwhile been sequenced [30]. Our protein sequence of the carboxyterminal fragment of murine lamin C is identical to the
sequence predicted from this cDNA. Thus lamin C is
not subject to a carboxy-terminal maturation.

REFERENCES
[l] Gerace, L. and Burke, B. (1988) Annu. Rev. Cell Biol. 4,
335-374.
(21 Nigg, E.A. (1988) Int. Rev. Cytol. 110, 27-92.
131 McKeon, F.D., Kirschner, M.W. and Caput, D. (1986) Nature
319, 463-468.

413

Volume

257, number

2

FEBS LETTERS

[4] Fisher, D.Z., Chaudhary, N. and Blobel, G. (1986) Proc. Natl.
Acad. Sci. USA 83, 6450-6454.
[5] Hager, T.H., Krohne, G. and Franke, W.W. (1988) Eur. J. Cell
Biol. 47, 283-290.
[6] Peter, M., Kitten, G.T., Lehner, C.F., Vorburger, K., Bailer,
S.M., Maridor, G. and Nigg, E.A. (1989) J. Mol. Biol. 208,
393-404.
[7] Vorburger, K., Lehner, C.F., Kitten, G.T., Eppenberger, H.M.
and Nigg, E.A. (1989) J. Mol. Biol. 208, 405-415.
[8] Krohne, G., Wolin, S.L., McKeon, F.D., Franke, W.W. and
Kirschner, M.W. (1987) EMBO J. 6, 3801-3803.
[9] Wolin, S.L., Krohne, G. and Kirschner, M.W. (1987) EMBO
J. 6, 3809-3818.
[lo] Stick, R. (1988) EMBO J. 7, 3189-3197.
[1 I] Gruenbaum, Y., Landesman, Y., Drees, B., Bare, J.W.,
Saumweber, H., Paddy, M.R., Sedat, J.W., Smith, DE.,
Benton, B.M. and Fisher, P.A. (1988) J. Cell Biol. 106,
585-596.
[12] Burke, B. and Gerace, L. (1986) Cell 44, 639-652.
[13] Gerace, L., Comeau, C. and Benson, M. (1984) J. Cell Sci.
suppl.1, 137-160.
[14] Lehner, C.F., Fuerstenberger, G., Eppenberger, H.M. and
Nigg, E.A. (1986) Proc. Natl. Acad. Sci. USA 83, 2096-2099.
[15] Lalibertt, J., Dagenais, A., Filion, M., Bibor-Hardy, V.,
Simard, R. and Royal, A. (1984) J. Cell Biol. 96, 980-985.
[16] Chelsky, D., Olson, J.F. and Koshland, D.E., jr (1987) J. Biol.
Chem. 262. 4303-4309.

414

November

1989

[17] Chelsky, D., Sobotka, C. and O’Neill, C.L. (1989) J. Biol.
Chem. 264, 7637-7643.
[18] Clarke, S., Vogel, J.P., Deschenes, R.J. and Stock, J. (1988)
Proc. Natl. Acad. Sci. USA 85, 4643-4647.
[19] Wolda, S.L. and Glomset, J.A. (1988) J. Biol. Chem. 263,
5997-6000.
[20] Beck, L.A., Hosick, T.J. and Sinensky, M. (1988) J. Cell Biol.
107, 1307-1316.
[21] Lehner, C.F., Stick, R., Eppenberger, H.M. and Nigg, E.A.
(1987) J. Cell Biol. 105, 577-587.
[221 Stewart, C. and Burke, B. (1987) Cell 51, 383-392.
[23] Rober, R.A., Weber, K. and Osborn, M. (1989) Development
105, 365-378.
[24] Traub, P., Scherbarth, A., Willingdale-Theune, J. and Traub,
U. (1988) Prep. Biochem. 18, 381-404.
[25] Geisler, N., Plessmann, U. and Weber, K. (1982) Nature 296,
448-450.
[26] Anderegg, R. J., Betz, R., Carr, S.A., Crabb, J.W. and Duntze,
W. (1988) J. Biol. Chem. 263, 18236-18240.
[27] Hancock, J.F., Magee, AI., Childs, J.E. and Marshall, C.J.
(1989) Cell 57, 1167-1177.
[28] Ishibashi, Y., Sakagami, Y., Isogai, A. and Suzuki, A. (1984)
Biochemistry 23, 1399-1404.
[29] Stick, R., Angres, B., Lehner, C.F. and Nigg, E.A. (1988) J.
Cell Biol. 107, 397-406.
[30] Riedel, W. and Werner, D. (1989) Biochim. Biophys. Acta
1008. 119-122.

