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Nuclear shape changes are observed during a variety of developmental processes, pathological conditions, and ageing.
The mechanisms underlying nuclear shape changes in the above-mentioned situations have mostly remained unclear. To
address the molecular mechanism behind nuclear shape changes, we analyzed how the farnesylated nuclear envelope
proteins Kugelkern and lamin Dm0 affect the structure of the nuclear membrane. We found that Kugelkern and lamin
Dm0 affect nuclear shape without requiring filament formation or the presence of a classical nuclear lamina. We also could
show that the two proteins do not depend on a group of selected inner nuclear membrane proteins for their localization
to the nuclear envelope. Surprisingly, we found that farnesylated Kugelkern and lamin Dm0 protein constructs change
the morphology of protein-free liposomes. Based on these findings, we propose that farnesylated proteins of the nuclear
membrane induce nuclear shape changes by being asymmetrically inserted into the phospholipid bilayer via their
farnesylated C-terminal part.

INTRODUCTION

Nuclear shape and size changes are frequently observed
during differentiation, as well as in various pathologies. A
prominent example of developmental nuclear morphology
changes are the nuclei of granulocytes (Olins and Olins,
2005). The molecular mechanism that defines nuclear shape
remains unclear (Webster et al., 2009). An important role in
determining nuclear shape is played by the nuclear lamina,
as indicated by the abnormal nuclear shapes observed in
diseases caused by mutations in lamina proteins (Capell and
Collins, 2006; Mattout et al., 2006).

The nuclear lamina is composed of lamins and lamin-
related proteins. In vertebrates, there are three lamin
genes—LMNA, LMNB1, and LMNB2—that encode the dif-
ferent lamin proteins, whereas in Drosophila there are two
lamin genes (coding for lamin Dm0 and lamin C) and in

Caenorhabditis elegans only one gene (Goldman et al., 2002). In
Saccharomyces cerevisiae, there are no lamins and typical
lamin-associated proteins (Erber et al., 1998). It is unknown
whether a structural or functional equivalent to the nuclear
lamina is found in yeast (Hattier et al., 2007). The absence of
lamins from yeast and the higher number of lamins and
inner nuclear membrane (INM) proteins in vertebrates sug-
gest an increase in complexity of the nuclear lamina during
metazoan evolution (Cohen et al., 2001).

Lamins are nuclear-specific type V intermediate filaments,
consisting of an N-terminal head domain followed by an
�-helical rod domain and a globular C-terminal tail domain.
The C-terminal tail domain contains the nuclear localization
signal (NLS), the immunoglobulin fold, and a CaaX motif.
Lamin C lacks the CaaX motif. The CaaX motif (where “C”
is a cysteine, “a” is an aliphatic amino acid, and “X” is any
amino acid), gets farnesylated, thus rendering the protein
lipophilic and promoting its association with the nuclear
membrane (NM) (Kitten and Nigg, 1991; Krohne, 1998). In
A-type lamins, the modified CaaX motif is cleaved during
the maturation of the polypeptide, whereas B-type lamins
remain permanently farnesylated (Meshorer and Gruen-
baum, 2008).

Mutations spanning the entire human LMNA gene lead to
a variety of diseases collectively called laminopathies
(Capell and Collins, 2006). A striking example is the
Hutchinson–Gilford progeria syndrome (HGPS). This pre-
mature ageing syndrome is caused by a point mutation in
exon 11 of LMNA. The mutation activates a cryptic splice
site, which leads to the formation of the permanently farne-
sylated lamin A variant La�50 (De Sandre-Giovannoli et al.,
2003; Eriksson et al., 2003). Due to the accumulation of
La�50, the nuclei of the patient’s fibroblasts are large and
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abnormally shaped (Goldman et al., 2004). Farnesylation is
required for the activity of La�50 on nuclear shape, because
the use of farnesyltransferase inhibitors (FTIs) reverses the
nuclear shape defects (Toth et al., 2005; Yang et al., 2005).

Apart from lamins, the only so far known farnesylated
nuclear protein is the Drosophila INM protein Kugelkern
(Kuk) (Brandt et al., 2006). Kuk protein contains a putative
coiled coil motif in its N terminus, an NLS, and a CaaX motif
in the C terminus. Apart from these structural similarities,
Kuk shares functional similarities with lamins, because over-
expression of Kuk and lamin cause comparable phenotypes
(Brandt et al., 2006, 2008).

Increase of Kuk or lamin levels lead to the formation of
enlarged nuclei with nuclear membrane infoldings. These
effects of farnesylated nuclear proteins on the NM seem to
be primarily due to their association with the NM via the
lipophilic CaaX motif. B type lamins containing a CaaX
motif were shown to induce NM growth in cultured cells
and zebrafish embryos, whereas Drosophila lamin C that
does not contain a CaaX motif and nonfarnesylatable lamin
B mutants containing an SaaX are not able to change nuclear
shape (Prufert et al., 2004). The use of short green fluorescent
protein (GFP)-tagged truncated lamin variants containing
only the C-terminal part of lamins in the same study, led to
the formation of lobulated, abnormal nuclei, thus showing
that the N-terminal part of lamins is not required for their
activity at the NM. Similar results were obtained by in-
creased synthesis of lamin B1 and B2 in Xenopus oocytes and
by expressing a chimeric GFP-NLS-CaaX construct in HeLa
cells (Ralle et al., 2004). According to the above-mentioned
studies, the CaaX motif of farnesylated lamins and poten-
tially of Kugelkern seems to be sufficient for inducing NM
growth, because even the chimeric construct GFP-NLS-
CaaX, where the rod domain of lamin is absent, shows
activity on the NM.

In contrast to the filament forming N-terminal part of
lamin that has been extensively studied (Wiesel et al., 2008;
Ben-Harush et al., 2009; Kapinos et al., 2010), the analysis of
the C-terminal part has been rather limited. Given its clear
activity on nuclear size and shape, and its connection to
HGPS, we analyzed how the farnesylated proteins lamin
Dm0 and Kuk induce nuclear shape changes via their C-
terminal farnesylated part. According to a previous study,
both the coiled coil motif and farnesylation motif of Kuk are
required for localization and function of the protein (Brandt
et al., 2006). In addition to these two domains, we show that
a conserved C-terminal amino acid (aa) sequence of Kuk is
required for its function in nuclear elongation in the fly
embryo. Strikingly, we observed that Kuk and a truncated
lamin Dm0 construct induce abnormal nuclear shapes in
yeast, despite the absence of a classical nuclear lamina,
which indicates a lamina independent mechanism of activ-
ity. This hypothesis is further supported by the fact that both
lamin Dm0 and Kuk localize at the NM independently of
other known INM proteins, as shown by an RNA interfer-
ence (RNAi)-mediated depletion of a set of lamina and INM
proteins in S2 cells. Taking into account the indications for a
lamina-independent mechanism of activity, we performed
in vitro liposome binding and deformation assays and we
found that farnesylated Kuk and lamin Dm0 constructs can
change the morphology of protein-free liposomes.

MATERIALS AND METHODS

Mammalian Cell Culture
NIH-3T3 cells were maintained in DMEM (Invitrogen, Carlsbad, CA) supple-
mented with 10% fetal bovine serum (FBS; Invitrogen) and 2 mM l-glutamine

(Invitrogen). For transient transfections, the cells were plated on glass cover-
slips at 50% confluence and transfected using Effectene (QIAGEN, Hilden,
Germany) according to the manufacturer’s instructions. All constructs used
for the transient transfections were cloned in the pCS2-HA vector except
GFP-NLS-C-term and GFP-NLS-CaaX that were cloned in the pCS2 vector.
The p-LI-GCN4 construct used for making the Kuk-cc��N185 construct was
kindly provided by B. Schwappach (University of Manchester). Twenty-four
hours after transfection, the cells were fixed and stained as described in
Brandt et al. (2008). For time-lapse recordings, NIH-3T3 cells were transfected
with pCS2-GFP-Kuk-�353-404 in eight-well chamber �-slides (Ibidi, Martin-
sried, Germany). Twenty-four hours after transfection, before recording, the
medium was changed to Leibovitz’s L-15 medium (Invitrogen) supplemented
with 10% FBS.

Drosophila Cell Culture
S2 Drosophila cells were maintained at 25°C in Schneider’s medium (Invitro-
gen) supplemented with 10% FBS. S2 cells were transfected with pCS2-HA-
Kuk by using Effectene (QIAGEN) according to the manufacturer’s instruc-
tions for suspension cells. Twenty-four hours after transfection, the cells were
seeded on glass coverslips, fixed in 2% formaldehyde (FA) in phosphate-
buffered saline (PBS), permeabilized in 0.1% Triton X-100 in PBS, and immu-
nostained. RNAi treatment was preformed as described previously (Worby et
al., 2001). Five days after RNAi treatment, the cells were collected for immu-
nostaining or Western blotting.

FTI Treatment
NIH-3T3 cells were transiently transfected in medium supplemented with the
FTI ABT-100 (Abbott Laboratories, Abbott Park, IL) at a concentration of 6.25
�g/ml and fixed and immunostained 24 h after transfection. S2 cells were
incubated in medium supplemented with ABT-100 at a concentration of 6.25
�g/ml for 5 d.

Antibodies Used for Immunostaining and Immunoblotting
Primary antibodies included the following: rabbit-�-Kuk (Brandt et al., 2006),
goat-�-LaminA/C (Santa Cruz Biotechnology, Santa Cruz, CA), mAb414
(Sigma-Aldrich, St. Louis, MO), mouse-�-hemagglutinin (HA) (BAbCO. Rich-
mond, CA), rabbit-�-Nup50 (Brandt et al., 2006), mouse-�-Lamin Dm0 (kindly
provided by H. Saumweber, Humboldt-Universität, Berlin, Germany), guinea
pig-�-LBR, guinea pig-�-Otefin, guinea pig-�-dMAN1 (all three antibodies
were kindly provided by G. Krohne, Biozentrum Universität, Wurzburg,
Germany), mouse-�-LaminC (Developmental Studies Hybridoma Bank, Uni-
versity of Iowa, Iowa City, IA), guinea pig-�-Slam (Brandt et al., 2006),
rabbit-�-barrier-to-autointegration factor (BAF; kindly provided by P. A.
Fisher, Stony Brook University, NY), rabbit-�-p55 (kindly provided by J. T.
Kadonaga, University of California San Diego, San Diego, CA), and mouse-
�-Tubulin clone B-512 (Sigma-Aldrich). Secondary antibodies included the
following: Alexa-coupled goat-�-mouse, goat-�-rabbit, goat-�-guinea pig,
and donkey-�-goat (Invitrogen). DNA was stained using 4,6-diamidino-2-
phenylindole (DAPI; Sigma-Aldrich). Horseradish peroxidase-coupled goat-
�-rabbit, goat-�-guinea pig, and goat-�-mouse secondary antibodies (Sigma-
Aldrich) were used for immunoblotting.

mRNA Injections
Capped transcripts were synthesized using the SP6 mMESSAGE mMACHINE
high-yield capped RNA transcription kit (Applied Biosystems, Foster City,
CA). mRNA injections were performed as described previously (Brandt et al.,
2006). Zero- to 30-min-old kuk�15 embryos (Brandt et al., 2006) were injected
and after developing to late cellularization stage, they were fixed and immu-
nostained.

Inducible Protein Expression in Yeast
For all yeast experiments, we used the strain AK725 (MATa ura3-52 leu2�1
his3�200 trp1�63 NUP133-mCherry-KanMX6). NUP133 was tagged endog-
enously using standard polymerase chain reaction (PCR)-based methods
(Janke et al., 2004) in the S288c background. Tagging was confirmed by colony
PCR and microscopy. The strain was a gift from A. Khmelinskii and E.
Schiebel (ZMBH, Universität Heidelberg, Germany). Yeast cells were grown
in YPD or in appropriate synthetic dropout medium supplemented with 2%
glucose. For galactose-inducible expression experiments, GFP-LaminDm0�N,
and GFP-full-length (FL)-Kuk were cloned in the pMM6 vector. Yeast cells
transformed with the respective plasmid, grown in synthetic dropout me-
dium supplemented with raffinose to mid-log phase, and induced by the
addition of 2% galactose. Sixteen hours later, the cells were fixed in 4% FA,
collected in 1.2 M sorbitol, and mounted on poly-l-lysine–coated slides.

Protein Expression and Purification
All Kuk constructs used for protein expression were cloned in the pQE80-
H10-zz vector (kindly provided by D. Görlich, Max Planck Institut for Bio-
physical Chemistry, Göttingen, Germany). Lamin constructs were cloned in
the pQE80-H10-GFP vector. Expression of recombinant proteins in Escherichia
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coli BL21-Rosetta-DE3 was induced with 0.1 mM isopropyl �-d-thiogalacto-
side for 4 h at 37°C (ZZ-Kuk, ZZ-Kuk-C567S, ZZ-Kuk-�N185, and ZZ-Kuk-
�N437) or for 4 h at 18°C (GFP-LaminDm0�N, GFP-NLS-C-term, and GFP-
NLS-CaaX). The proteins were purified from the cleared lysate by nickel
chelate chromatography (HisTrap, ÄKTAprimeTM Plus; GE Healthcare, Lit-
tle Chalfont, Buckinghamshire, United Kingdom). ZZ-Kuk, ZZ-Kuk-C567S
and ZZ-Kuk-�N185 were further purified by ion-exchange chromatography
using Q-Sepharose (GE Healthcare). For storage, the buffer of all proteins was
changed to PBS by using PD-10 desalting columns (GE Healthcare), and 20%
glycerol was added before freezing. Expression of rat farnesyltransferase (FT)
(plasmids kindly provided by M. P. Mayer, ZMBH, Universität Heidelberg)
was induced in MC1061 cells cotransformed with pMPM359 and pMPM369
plasmids, by addition of l-arabinose overnight at room temperature. The
protein was purified by nickel chelate chromatography (HisTrap, ÄKTAp-
rimeTM Plus; GE Healthcare) and stored in FT freezing buffer (50 mM Tris,
pH 7.5,, 50 �M ZnCl2, 5 mM MgCl2, 10 mM �-mercaptoethanol, and 10%
glycerol).

Liposome Assays
Liposomes were prepared from total bovine brain lipids (Folch fraction 1;
Sigma-Aldrich) supplemented with 3% (vol/vol) Rhodamine-PE (Avanti Po-
lar Lipids, Alabaster, AL). The lipid mixture was dried under vacuum using
a rotary evaporator and resuspended in HK buffer (25 mM HEPES and 150
mM KCl, pH 7.4) supplemented with 10% sucrose. After homogenization by
10 freeze–thaw cycles, liposomes were prepared using a mini extruder
(Avanti Polar Lipids) by using 0.1-�m polycarbonate membranes (Avanti
Polar Lipids). For the liposome binding assay, 30 �l of liposomes was incu-
bated with 4% bovine serum albumin in HK buffer for 30 min; spun at
15,000 � g for 10 min (at room temperature); and protein, FT, and farnesyl
pyrophosphate (FPP) (Sigma-Aldrich) in 100 �l of HK-farnesylation buffer (25
mM HEPES, pH 7.4, 150 mM KCl, 1 mM MgCl2, 20 �M ZnCl2, 5 mM
dithiothreitol, and 5 mM NaF) were added to the pellet. FPP was not added
to the nonfarnesylated samples. After incubation for 3 h, the samples were
spun, the supernatant was collected, and the pellet was washed twice with
HK buffer. Supernatant and pellet were used for SDS-polyacrylamide gel
electrophoresis (PAGE). For analysis of liposome morphology, 10 �l of lipo-
somes was mixed with 2 �g of protein, FT, FPP, and HK farnesylation buffer
in a final volume of 20 �l; incubated for 10 min; and analyzed by fluorescence
microscopy. The final protein concentrations in this mixture, referring to the
situation where 1� protein amount was used, are shown in Table 2.

SDS-PAGE and Western Blotting (WB)
For the Coomassie Blue-stained SDS-gel showing the 1� protein amounts
used in the liposome deformation assays, total protein was adjusted so that
�2 �g of protein was loaded from each construct, on a 10% gel. For WB using
S2 cell lysates, the equivalent of 105 cells was loaded on a 10% gel. For
detection of BAF by WB, a 15% gel was used.

Imaging
An Axiovert 200 M PerkinElmer Ultra-View Spinning Disk confocal micro-
scope (100� numerical aperture [NA] 1.4 oil; Carl Zeiss, Jena, Germany) was
used for time-lapse recordings of NIH-3T3 cells and for imaging of yeast cells
(flatfield capture mode). For time-lapse recordings, z-stacks of seven images
covering a distance of 8 �m were recorded and the layers were subsequently
fused. Fluorescent images of fixed and immunostained embryos were ob-
tained using a confocal microscope (model DMIRE2, HCX PL APO 63� NA
1.4 oil; laser at 405, 488, 568, and 633 nm; Leica, Wetzlar, Germany). Images
were processed with ImageJ (National Institutes of Health, Bethesda, MD)
and Photoshop (Adobe Systems, Mountain View, CA). Fluorescent images of
liposomes, NIH-3T3 cells, and S2 cells were obtained using an Axioplan 2
(100�/1.30 oil; Carl Zeiss).

Electron Microscopy (EM)
Liposome samples prepared the same way as for fluorescence microscopy
and loaded on Pioloform/carbon-coated grids (100 mesh). The samples were
negatively stained using 0.5% uranyl acetate. EM data were obtained using an
EM 10 CR transmission electron microscope (Carl Zeiss). Measurements of
tubule length were done using ImageJ.

RESULTS

Extranuclear Membrane Structures Formed upon Kuk
Overexpression Show an Asymmetric Composition and
Are Highly Dynamic
In fibroblasts expressing La�50, the nuclear membrane pro-
trusions contain La�50 but not lamin B, showing a differen-
tial composition than the NM of the main body of the
nucleus (Goldman et al., 2004). Here, we examined whether

Kuk behaves similarly. Increasing Kuk levels in the Drosoph-
ila embryo induce changes in nuclear morphology, in a
dose-dependent manner (Brandt et al., 2008). In embryos
with six genomic copies of kuk, where the cortical nuclei
show pronounced apical ruffling, we observed an asymme-
try in the composition of the NM invaginations. Although in
these nuclei, Kuk generally colocalized with lamin Dm0 at
the nuclear envelope, the intranuclear membrane invagina-
tions showed Kuk staining but much less if any lamin Dm0
staining (Figure 1A, arrows).

Similar asymmetry in the composition of the extranuclear
membrane structures formed upon Kuk overexpression also
was observed in other cell types. Kuk affected nuclear shape
in cultured Drosophila cells, as shown in transiently trans-
fected S2 cells (Figure 1D). The bleb formed in the Kuk-
transfected cell shows less Nup50 staining than the main
body of the nucleus. In Kuk-transfected mouse fibroblasts,
where no endogenous Kuk is present, we observed forma-
tion of large and abnormal nuclei as described previously
(Brandt et al., 2008). The nuclei of the transfected cells
showed blebs and extensive intranuclear membrane struc-
tures (Figure 1, B and C). Similarly as in the 6xkuk fly
embryo, the blebs showed differential staining pattern, with
less lamin A/C (Figure 1B, arrows) and less nuclear pores

Figure 1. Asymmetric composition of the extranuclear membrane
structures in Kuk-overexpressing cells. (A) Surface view of a Dro-
sophila embryo with six genomic copies of kuk, in late cellularization.
The differential staining of the intranuclear membrane structures is
indicated by arrows. Lamin Dm0 (red) is used as a marker of the
nuclear membrane. Kuk staining is shown in green. Bar, 10 �m. (B
and C) Nuclear morphology upon Kuk overexpression in NIH-3T3
cells. (B) Nucleus of a transiently transfected NIH-3T3 cell express-
ing Kuk (red), compared with the nucleus of a nontransfected cell.
Lamin A/C (green) marks the nuclear membrane. The differential
staining of the membrane blebs is indicated by arrows. (C) Kuk
(red), nuclear pores (green) and DNA-staining (blue) of a Kuk-
transfected NIH-3T3 cell. Bar (B and C), 5 �m. (D) Nucleus of a
transiently transfected S2 cell expressing HA-Kuk (red), compared
with the nucleus of a nontransfected cell. Nup50 (green) marks the
nuclear membrane and the nucleoplasm. Bar, 5 �m.
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(Figure 1C, mAb414) than the main body of the nucleus. In
addition, the blebs generally contained less DNA, as shown
by the DAPI staining (Figure 1C, DAPI). This indicates that
Kuk behaves similarly to La�50, with respect to the forma-
tion of NM abnormalities of a defined composition that
differs from the NM composition of the main body of the
nucleus.

Because we noticed that the NM blebs formed upon Kuk
overexpression showed a differential composition, we ana-
lyzed the dynamics of these blebs by time-lapse movies of
transfected cells. When we compared GFP-Kuk and GFP-
Kuk-�353-404 (Kuk deletion construct, described in Figure
3) in mouse fibroblasts, they showed the same behavior.
Because blebbed nuclei appeared at higher frequency in
GFP-Kuk-�353-404 transfected cells, this construct was cho-
sen for the time-lapse experiments. In GFP-Kuk-�353-404–
transfected fibroblasts, we observed that the blebs and the
intranuclear structures showed differential behavior (Figure
2 and Supplemental Movie S1). Although the intranuclear
structures were quite stable as reported previously (Broers et
al., 1999) and remained unchanged throughout the 94 min of
time-lapse recording, the nuclear blebs were highly dy-
namic, forming and disappearing fast, within a few minutes
(Figure 2, arrows).

A Conserved Domain of Kuk Is Specifically Required for
Nuclear Elongation but Not for NM Localization in the
Early Drosophila Embryo
Kuk is a 570-aa protein that contains a putative coiled coil
motif (aa 137–184), a NLS (aa 440–447), and a C-terminal
farnesylation motif (schematic representation of FL-Kuk
shown in Figure 3). The putative coiled coil motif and the
CaaX box have been shown by experiments in Xenopus A6
cells, to be required for Kuk activity on nuclear size and
shape (Brandt et al., 2006). Here, we used an mRNA injection
assay using kuk-deficient embryos to test different Kuk con-
structs for their NM localization and function in nuclear
elongation and apical ruffling. In addition to the coiled coil
and the CaaX motif, we examined the function of the aa
sequences 353–404 and 453–473 that were found by BLAST
analysis to show the highest degree of conservation among
two different Drosophila species (D. melanogaster and D. grim-

shawi) and mosquitoes (Anopheles gambiae and Aedes aegypti).
All the constructs used in this study are shown in Figure 3.

Figure 2. Dynamics of the blebs and intranuclear structures in transiently transfected NIH-3T3 cells. The figure was assembled from selected
time points of Supplemental Movie S1, showing a NIH-3T3 cell transiently transfected with GFP-Kuk-�353-404.The nuclear membrane blebs
formed upon GFP-Kuk-�353-404 expression show a very dynamic behavior. Arrows indicate examples of blebs growing and disappearing.
(GFP-Kuk and GFP-Kuk-�353-404 showed comparable effect on nuclear morphology. Due to the more frequent appearance of blebs in
GFP-Kuk-�353-404–transfected cells the construct was chosen for the time-lapse experiments shown.) Bar, 7 �m.

Figure 3. Constructs used in the study. The structure of Kuk and
lamin Dm0 constructs used in the study is schematically shown. The
putative coiled-coil motif of Kuk (C.C., aa 137–184) is shown in
white. The two highly conserved aa sequences 353–404 and 453–473
are shown in blue and the NLS in black. In Kuk-cc��N185 the
coiled coil of the GCN4 leucine zipper protein that has substituted
the putative coiled coil of Kuk is shown in green. In the lamin Dm0
constructs, the NLS is shown in red, the rod domain in white, and
the globular C-terminal domain in yellow. In LaminDm0�N, the
N-terminal part consisting of aa 1–430 including the rod domain has
been deleted. GFP-NLS-C-term contains the NLS of lamin Dm0
fused to the very C-terminal part of the protein (aa 570–622).
GFP-NLS-CaaX consists of GFP fused to the NLS of lamin Dm0
followed by the CaaX motif of lamin Dm0.
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During cellularization in the wild-type fly embryo, the
cortical nuclei elongate and maintain this elongated shape
until gastrulation (Supplemental Figure S1B, side view). In
addition, the nuclei ruffle apically (Figure S1B, surface view).
In kuk-deficient embryos, the nuclei are round and smooth
by the end of cellularization (Supplemental Figure S1A).
Kuk-deficient embryos, in early blastoderm stage were in-
jected with mRNA in their posterior part, and the nuclear
morphology at late cellularization stage was compared with
wild-type (wt) nuclei (Supplemental Figure S1B). The differ-
ent constructs were tested for NM localization and for their
ability to induce and maintain nuclear elongation and apical
ruffling (phenotypic rescue).

FL-Kuk localized to the NM, rescued the Kuk phenotype,
and induced apical ruffling of the nuclei (Figure 4, A and A�,
and Table 1), whereas a differential staining of the extra
membrane structures was observed (Figure 4A�) similarly as
in the 6xkuk embryo (Figure 1A). The nonfarnesylatable
Kuk-C567S mutant showed nucleoplasmic localization and

was unable to restore the Kuk phenotype (Supplemental
Figure S1, D and D�, and Table 1). Kuk-�N185 that lacks the
putative coiled coil motif accumulated in the nucleoplasm
where it formed punctate structures (Supplemental Figure
S1E and Table 1) and showed no activity on nuclear shape
(Supplemental Figure S1E�). To gain further insight in the
role of the putative coiled coil motif of Kuk, we added the
coiled coil motif of the GCN4 leucine zipper (Harbury et al.,
1993; Yuan et al., 2003) to Kuk-�N185. The resulting Kuk-
cc��N185 construct was able to localize to the NM but
could not rescue the mutant phenotype (Figure 4, B and B�,
and Table 1). This suggests that the coiled coil motif medi-
ates Kuk localization at the INM. However, the GCN4 coiled
coil did not restore Kuk function, suggesting that specific
features of the endogenous coiled coil cannot be substituted
by the coiled coil motif we used. The results of this experi-
ment also indicate that NM localization of Kuk is not suffi-
cient for its function.

Kuk-�C328 was mostly cytoplasmic (Supplemental Figure
S1C and Table 1), primarily due to the lack of the main NLS,
and not functional (Supplemental Figure S1C�). Kuk-�453-
473 showed the same behavior as FL-Kuk (Supplemental
Figure S1, F and F�, and Table 1), indicating that this con-
served sequence is not required for Kuk function. In con-
trast, when Kuk-�353-404 was injected in Kuk-deficient em-
bryos, we observed that even though the construct localized
at the NM and induced nuclear membrane ruffling (Figure
4C�), it was unable to rescue the nuclear elongation defect
(Figure 4C and Table 1). This suggests that the domain is
specifically required for nuclear elongation. The construct
induced formation of intranuclear structures (Figure 4C�),
similar to the ones observed upon Kuk overexpression and
also nuclear membrane blebs (Figure 4C, arrows). Such blebs
were not observed with the full-length Kuk, even under very
high overexpression conditions (6� kuk and 8� kuk em-

Figure 4. A conserved domain is required for the function of Kuk in nuclear elongation in the early Drosophila embryo. Nuclear morphology
of kuk�15 embryos injected with mRNA of different constructs, at the end of cellularization. The membrane front, stained by Slam (blue)
indicates the embryonic stage. Lamin Dm0 (red) or Nup50 (red; D) are used as markers of the NM. (A) FL-Kuk–injected embryo, side view.
(A�), surface view. (B) Kuk-cc��N185–injected embryo, side view. (B�) Surface view. (C) Kuk-�353-404–injected embryo, side view. The NM
blebs are indicated by arrows. (C�) Surface view. (D) HA-LaminDm0–injected embryo, side view. (D�) Surface view. Bar, 10 �m.

Table 1. Summary of the structure–function analysis of Kuk in the
fly embryo

NM
localization

Activity on
nuclear shape

Rescue of the
kuk phenotype

FL-Kuk � � �
Kuk-�C328 � � �
Kuk-C567S � � �
Kuk-�N185 � � �
Kuk-cc��N185 � � �
Kuk-�353-404 � � �
Kuk-�453-473 � � �
HA-LaminDm0 � � �
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bryos; data not shown). Kuk-�353-404 and Kuk-�453-473
also were transfected in mouse fibroblasts, where they
showed NM localization and affected nuclear shape (Sup-
plemental Figure S2, B and C).

In addition, we tested whether the kuk phenotype in the
blastoderm embryo could be rescued by overexpressing the
other farnesylated protein of the INM, lamin Dm0. When
HA-LaminDm0 was injected in kuk-deficient embryos, even
though it properly localized at the NM, the nuclei were
neither elongated nor apically ruffled in late cellularization
(Figure 4, D and D�, and Table 1). Therefore, it seems that the
activity of Kuk in elongating the cortical nuclei is specific
and cannot be complemented by additional lamin Dm0.

In conclusion, our analysis led to the identification of a
conserved aa sequence that is required for the function of
Kuk in nuclear elongation. The inability of Kuk-�353-404 to
rescue the mutant phenotype suggests that this conserved
motif is specifically required for maintaining nuclear elon-
gation during cellularization, whereas it does not seem to
play a role in NM localization and induction of apical ruf-
fling of the nuclei. Kuk-�353-404 was the only construct

tested where the function of Kuk on nuclear elongation
could be separated from its effect on apical ruffling. Further-
more, our results from Kuk-�353-404 and Kuk-cc��N185
suggest that NM localization of Kuk is not sufficient for
function of the protein.

Inhibition of Farnesylation Affects the Localization of
Ectopically Expressed and Endogenous Kuk
Farnesylation renders proteins lipophilic, resulting in their
association to membranes. To further analyze the role of
farnesylation, we tested the behavior of selected Kuk con-
structs and LaminDm0�N in transiently transfected fibro-
blasts, in the presence of the FTI ABT-100. When FL-Kuk
was transfected in mouse fibroblasts, it localized at the NM
and induced formation of abnormally shaped nuclei (Figure
5A), as shown previously (Brandt et al., 2008). Deletion of the
N-terminal part of Kuk results in proteins that behave dif-
ferently compared with FL-Kuk. Kuk-�N185, lacking the
coiled coil motif, formed punctate intranuclear structures
(Figure 5B). Kuk-�N437, lacking the entire N-terminal part,
formed dot-like cytoplasmic structures (Figure 5C) that did

Figure 5. Role of farnesylation in localization and activity of Kuk constructs and LaminDm0�N in cultured cells. (A–D) NIH-3T3 cells
transiently transfected with different constructs. (A�–D�) Transiently transfected NIH-3T3 cells, treated with the FTI ABT-100 for 24 h. Lamin
A/C staining (green) marks the NM (A–D�). Localization pattern of the transfected constructs is shown in red (Kuk in A–C� and HA in D
and D�). Bar, 10 �m. (E) S2 cells treated with the FTI ABT-100 for 5 d. Lamin Dm0 staining (red) marks the NM and Kuk is shown in green.
Bar, 5 �m. (F) FTI treatment increases the electrophoretic mobility of Kuk. In total extract of nontreated S2 cells a band of �120 kDa,
corresponding to farnesylated Kuk is detected. In the total extract of FTI-treated cells, the intensity of the �120-kDa band is reduced and an
�110-kDa band representing not farnesylated Kuk is also detected. Kuk runs at a significantly higher MW than predicted (Brandt et al., 2006).
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not colocalize with ER markers (data not shown). This
shows that deletion of the N-terminal part of Kuk has a
different effect than the deletion of the N-terminal part of
lamin. The globular domain of lamins was shown to be
sufficient to properly localize and induce NM overprolifera-
tion in cultured cells (Prufert et al., 2004; Ralle et al., 2004)
and can here be observed in fibroblasts transfected with
LaminDm0�N (Figure 5D).

Treatment with the FTI resulted in nucleoplasmic local-
ization of FL-Kuk and HA-LaminDm0�N and eliminated
their ability to alter nuclear shape (Figure 5, A� and D�). In
the presence of the FTI, the two constructs behaved similarly
as the nonfarnesylatable Kuk-C567S (Supplemental Figure
S2A). Farnesylation seems to be an absolute requirement for
Kuk and LaminDm0�N localization and function because
treatment with the FTI dissociates the proteins from the NM
and abolishes their activity on nuclear shape. In addition,
the FTI promoted the nucleoplasmic localization of the con-
structs Kuk-�N185 and Kuk-�N437 (Figure 5, B� and C�).

After showing that localization of ectopically expressed
Kuk is affected by FTIs, we tested whether the localization of
endogenous Kuk also could be affected by such a treatment.
Indeed we observed that the FTI ABT-100 promoted nucle-
oplasmic localization of endogenous Kuk in Drosophila S2
cells (Figure 5E). The inhibitor failed to affect the NM local-
ization of lamin Dm0 (Figure 5E, lamin Dm0 staining). This
is not surprising, because lamin Dm0 is expected to have a
slow turnover as indicated by photobleaching experiments
using GFP-Lamin fusion proteins (Broers et al., 1999). The
inhibition of Kuk farnesylation was confirmed by Western
blot (Figure 5F). After treatment with the FTI, the amount of
farnesylated Kuk, represented by an �120-kDa band, is
significantly reduced. A second band of �110 kDa corre-
sponding to nonfarnesylated Kuk is present in the FTI-
treated sample. The shift in Kuk molecular weight (MW)
induced by the FTI corresponds to the size difference of in
vitro farnesylated and nonfarnesylated recombinant Kuk
(Figure 8A) or nonfarnesylatable Kuk-C567S (data not
shown).

In conclusion, farnesylation was found to be essential for
protein targeting to the NM or in case of the Kuk-�N185 and
Kuk-�N437 constructs for accumulation in nucleoplasmic or
cytoplasmic structures. This may be caused by simply in-
creasing the lipophilicity of the proteins. Another possibility
is that association of the farnesylated C terminus with the
NM has specific effects, such as orienting the protein toward
the lipid bilayer or positioning the protein in a way that it
can participate in protein–protein interactions.

Kuk and Lamin Dm0 Localize at the INM Independently
of a Group of Selected INM Proteins
Farnesylated proteins normally only have a weak affinity for
membranes. In some cases, this affinity becomes higher by a
second modification i.e., in the case of Ras by palmitoylation
(Hancock et al., 1990; Wright and Philips, 2006). Because a
second modification after farnesylation has not been de-
scribed for Kuk and lamin Dm0, we wondered whether the
two proteins would be stabilized at the NM with the con-
tribution of other lamina or INM proteins. For this purpose,
we depleted selected lamina and INM proteins by RNAi in
Drosophila S2 cells. Kuk and lamin Dm0 localization did not
seem to depend on one another (Figure 6A and Supplemen-
tal S3C), as shown previously (Brandt et al., 2006). When
LBR, MAN1, or lamin C were down-regulated, localization
of neither lamin Dm0 nor Kuk was affected (Figure 6B and
Supplemental S3, A and B). In contrast, Otefin localization
was dependent on lamin Dm0 (Figure 6E), as described
previously (Wagner et al., 2004).

Surprisingly, under our experimental conditions, the NM
localization of Kuk but not of lamin Dm0 was dependent on
the chromatin-binding protein BAF and on the chromatin
remodeling complex component p55. Kuk failed to localize
at the NM when BAF was depleted (Figure 6C, arrows). On
down-regulation of p55, Kuk localized at the NM, but it also
formed intranuclear structures where no lamin Dm0 was
detected by immunostaining (Figure 6D). In the nuclei that
were severely deformed due to the depletion of BAF lamin
Dm0 localization was affected but not as much as Kuk

Figure 6. Kuk and lamin Dm0 localize at the NM independently of a group of selected INM proteins. Localization of Kuk and lamin Dm0
after depletion of selected INM proteins by RNAi in Drosophila S2 cells. (A–D) Kuk staining (green) shows Kuk localization in RNAi-treated
cells. In red, the staining for the respective depleted protein is shown. Arrows in C indicate deformed nuclei, due to BAF depletion. (E) Otefin
staining (green) in lamin Dm0 RNAi-treated cells. (F) Lamin Dm0 staining (green) in LBR RNAi-treated cells. LBR staining is shown in red.
(G) Deformed nuclei after depletion of BAF (blue, DNA; green, lamin Dm0). (H) Enlarged nuclei after p55 depletion (blue, DNA; green, lamin
Dm0). Bar, 5 �m. (I–L) Western blots from total cell extracts, showing the reduced amounts of the respective RNAi-depleted proteins. Cells
treated with RNAi against eGFP were used as control samples. Asterisks in I–K indicate cross-reacting bands used as a loading control. In
L, the immunoblot against �-Tubulin is shown as a control for protein amounts.
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localization (Figure 6C, arrows; and G). The observation
comes in agreement with the data shown in BAF RNAi-
treated C. elegans embryos, where Ce-Lamin and three nu-
clear membrane proteins fail to assemble properly (Margalit
et al., 2005). Altered lamin Dm0 distribution has also been
found to correlate with the loss of detectable BAF amounts
in fly imaginal discs (Furukawa et al., 2003).

Another finding of our RNAi experiment was that down-
regulation of both BAF and p55 severely affected nuclear
morphology, potentially due to indirect effects. In BAF
RNAi treated cells, we observed severely deformed nuclei
(Figure 6C, arrows; and G). On down-regulation of p55, the
nuclei were found to be particularly enlarged (Figure 6, D
and H). Although depletion of BAF has already been de-
scribed to result in NM distortion (Furukawa et al., 2003),
nothing has been so far reported about an effect of p55 on
nuclear morphology.

Our experiments reveal an unexpected function of chro-
matin-interacting proteins for the NM localization of Kuk
and might suggest that the interaction of chromatin with
components of the nuclear envelope is involved in proper
organization of the INM and lamina. In addition, the results
indicate a lamina independent mechanism of activity for
lamin Dm0 and Kuk.

Kuk and LaminDm0�N Affect Nuclear Morphology Even
in the Absence of a Classical Nuclear Lamina
Because we observed that Kuk and lamin Dm0 do not
seem to depend on other lamina and candidate INM
proteins for their localization, we examined whether they
would also be able to localize properly in the complete
absence of the lamina. For this purpose we expressed Kuk
and LaminDm0�N in yeast, which does not have a classical
nuclear lamina. Ectopically expressed human lamin B has
been shown to localize at the nuclear envelope of S. cerevisiae
(Smith and Blobel, 1994), but an activity on nuclear shape
has not been reported. The nuclei of S. cerevisiae cells in log
phase are generally round, as seen in a yeast strain express-
ing mCherry-Nup133, which marks the NM (Figure 7A).

Inducible GFP-Kuk expression resulted in the formation of
abnormal, lobulated nuclei (Figure 7B). Abnormally shaped
nuclei were also formed upon inducible expression of GFP-
LaminDm0�N, a truncated lamin Dm0 construct (described
in Figure 3) where the N-terminal filament-forming rod
domain has been deleted (Figure 7C). In contrast to GFP-
Kuk that seemed to localize exclusively at the NM, GFP-
LaminDm0�N could partially be found in the cytoplasm as
we have also observed when the construct is expressed in
mammalian or Drosophila cells (data not shown).

The activity of the truncated GFP-LaminDm0�N con-
struct indicates that the C-terminal farnesylated part of NM
proteins is sufficient for inducing nuclear shape changes in
yeast, whereas filament formation does not seem to be re-
quired. Overall, our observations in yeast, suggest that the
farnesylated proteins Kuk and lamin Dm0 exert their activ-
ity on NMs independently of intermediate filament forma-
tion and regardless of the absence of lamina proteins.

Farnesylation Is Required for Deformation of Protein-free
Liposomes by Kuk and Lamin Dm0 Constructs
Because our results from the yeast and the RNAi experiment
indicate a lamina-independent mechanism of activity for
lamin Dm0 and Kuk, we wondered whether these farnesy-
lated proteins could directly affect the structure of the lipid
bilayer of the NM. If the proteins were asymmetrically in-
corporated in the bilayer, this would lead in expansion of the
surface area of the inner layer of the membrane, thus leading
in abnormal shapes. To address this possibility, we tested
whether recombinant FL-Kuk, Kuk-�N185, Kuk-�N437,
LaminDm0�N, GFP-NLS-C-term, and GFP-NLS-CaaX can
bind to protein-free liposomes. A protein gel showing the
purity and the amounts of the proteins used is shown in
Supplemental Figure S4. GFP-NLS-C-term and GFP-NLS-
CaaX also affect nuclear morphology in mouse fibroblasts
(Supplemental Figure S2, D and E), but only after up to 72 h
after transfection, indicating a lower activity than HA-
LaminDm0�N which shows activity already at 24 h after
transfection.

The results of the binding assay are in agreement with
what has been described for the binding of small farnesy-
lated peptides to liposomes. According to Silvius and
l’Heureux (1994) and Rowat et al. (2004), even though far-
nesylated peptides are lipophilic, they are not quantitatively
bound to the lipid vesicles. A part of the total peptide
amount remains in the aqueous phase. As shown in Figure
8A, farnesylation slightly improved liposome binding of
FL-Kuk and Kuk-�N185 (Figure 8A). The same was ob-
served for LaminDm0�N and GFP-NLS-CaaX (Figure 8B).
The control protein GFP (Figure 8C) remained in the super-
natant regardless of the addition of farnesylation reaction
components. Kuk-�N437 shifted almost exclusively to the
bound fraction when it was farnesylated (Figure 8A). GFP-
NLS-C-term bound to liposomes regardless of farnesylation
(Figure 8B). This unusual behavior of GFP-NLS-C-term
might be due to the positively charged NLS motif binding to
the negatively charged liposomes. The fact that even the
nonfarnesylated proteins were able to partially bind to the
liposomes, implies that there are other parts of the protein
that mediate lipid binding in addition to the farnesylation
motif. The increased amounts of protein found in the bound
fraction (liposome pellet) were not due to protein precipita-
tion because it can be seen in the samples were no liposomes
were added (Figure 8C). Farnesylation of Kuk induced a
shift to higher MW, as also shown in Figure 5F. Farnesyla-
tion of LaminDm0�N, GFP-NLS-C-term, and GFP-NLS-
CaaX increases the electrophoretic mobility of the proteins,

Figure 7. Kuk and LaminDm0�N affect nuclear morphology even
in the absence of a classical nuclear lamina. (A–C) Nuclear morphol-
ogy of S. cerevisiae cells in mid-log phase. mCherry-Nup133 marks
the nuclear membrane. (A) Nontransformed cells. (B) GFP-Kuk–
expressing S. cerevisiae. (C) GFP-LaminDm0�N–expressing S. cer-
evisiae. Bar, 2.5 �m.
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in agreement with what has been shown for La�50 (Capell et
al., 2005).

Interestingly, the farnesylated recombinant protein con-
structs changed the morphology of the liposomes, because we
could observe by incubation of the liposomes with the proteins,
followed by fluorescence microscopy. The morphology of the
liposomes (Supplemental Figure S5A) was not affected by the
addition of nonfarnesylated LaminDm0�N (Figure 8D) or
other nonfarnesylated proteins (Supplemental Figure S5A),
despite that they bound to the liposomes as shown in the
binding assays. Addition of farnesylated LaminDm0�N re-
sulted in the formation of large lipid structures (Figure 8D),
morphologically different from the protein-free liposomes.
In these large liposome structures, accumulation of GFP-
LaminDm0�N could be observed (Figure 8E).

Because the resolution of fluorescence microscopy was not
sufficient for analyzing in detail the structural changes in the
liposomes, we performed the same lipid binding assay by
using 5� LaminDm0�N protein amounts (Supplemental
Figure S4) and analyzed the negatively stained samples by
EM. The EM analysis showed that a certain proportion of the
spherical liposomes formed tubules when incubated with
farnesylated LaminDm0�N (Supplemental Figure 8, F� and
F���). The elongated structures corresponded to �5% of the
total area of the sample, in nonrandomly taken pictures.
Even though the morphological changes in the liposomes

were found to be very pronounced by fluorescence micros-
copy, not many structures showing an altered morphology
could be observed by EM. This might be due to not stable
attachment of the morphologically altered liposome struc-
tures on the grid during preparation of the EM samples. If a
sphere of a given diameter is deformed in a way that it gives
rise to a cylindrical shape, the length of the cylinder depends
on the diameter of the sphere, because the volume of the
shape is not expected to change. When we measured the
average length of the tubules formed by the deformation of
the liposomes, we found that it came in agreement with the
expected length of a tubule (with a diameter of �30 nm)
formed by the deformation of spherical liposome with an
�100 nm diameter (Supplemental Figure S6).

Apart from LaminDm0�N, we also tested the effect of all
other farnesylated recombinant proteins on liposome mor-
phology by fluorescence microscopy. The results are sum-
marized in Table 2. All Kuk constructs could induce lipo-
some deformation when farnesylated (Supplemental Figure
S5A, left), even though the effect was weaker than the effect
of LaminDm0�N, probably due to the lower protein con-
centration of the constructs (Supplemental Figure S4). GFP-
NLS-C-term and GFP-NLS-CaaX showed activity on lipo-
some morphology, even though this activity is noticeable
only at 10� higher protein amounts than LaminDm0�N
(Supplemental Figure S5A and Table 2). As mentioned,

Figure 8. Farnesylated Kuk and lamin Dm0 constructs bind to protein-free liposomes and affect their morphology. (A–C) Western blots
showing the results of the lipid binding assay. Lanes labeled by � correspond to the samples with nonfarnesylated proteins, where no FPP
was added. Samples labeled by � show the samples where all the components of the farnesylation reaction were added. (FT enzyme was
added to all samples, to keep the protein concentration equal between � and � samples.) S, supernatant or unbound protein fraction. P, pellet
or bound protein fraction. (A) �-Kuk WB showing the distribution of FL-Kuk, Kuk-�N185, and Kuk-�N437 between supernatant and pellet
depending on farnesylation. (B) �-GFP WB showing the distribution of GFP-LaminDm0�N, GFP-NLS-C-term, and GFP-NLS-CaaX between
supernatant and pellet depending on farnesylation. (C) �-GFP WB showing the distribution of GFP-LaminDm0�N between supernatant and
pellet when no liposomes were added to the sample. The distribution of the control GFP protein, which cannot be farnesylated, is shown in
the right half of C. (D–D�) Liposome morphology as observed by fluorescence microscopy. (D) Liposomes after addition of nonfarnesylated
GFP-LaminDm0�N. (D�) Liposomes upon addition of farnesylated GFP-LaminDm0�N. (E) Colocalization of farnesylated GFP-
LaminDm0�N (green) and Rhodamine-PE–labeled liposomes (red). Bar (D and E), 15 �m. (F–F��� EM analysis of liposome morphology. (F)
Protein-free liposomes. (F�) Liposomes after addition of nonfarnesylated GFP-LaminDm0�N. (F�) Liposomes after addition of farnesylated
GFP-LaminDm0�N. (F���) Liposomes after addition of farnesylated GFP-LaminDm0�N shown in a higher magnification. Bar, 100 nm.
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the two constructs also showed lower activity than
LaminDm0�N when expressed in fibroblasts (Supplemental
Figure S2, D and E). These observations suggest that the
globular part of the C terminus of lamin Dm0 might have a
role in deforming membranes. In addition, the experiments
indicate that binding to the liposomes, which was observed
for all the constructs upon farnesylation, is not sufficient for
deforming the liposomes, at least when the 1� protein
amount is used.

The control protein GFP did not induce any morphologi-
cal changes to the liposomes and did not show any accumu-
lation on them regardless of its high concentration and of the
addition of farnesylation reaction components (Supplemen-
tal Figure S5B). Overall, the morphological changes ob-
served in the liposome assays indicate that farnesylated NM
proteins could have a direct activity on the lipid bilayer of
the NM, which would result in the observed nuclear shape
changes.

DISCUSSION

The analysis of lamin function and activity has been mostly
focused on the N-terminal filament forming part of the
protein (Wiesel et al., 2008; Ben-Harush et al., 2009; Kapinos
et al., 2010). Triggered by the observations of Ralle et al.
(2004) and Prufert et al. (2004), we have investigated the
relation of farnesylated NM proteins with the NM and the
phospholipid bilayer of the membrane, focusing on the C-
terminal part containing the CaaX motif.

From our structure–function analysis in the fly embryo,
we confirmed that both the coiled coil motif and the CaaX
motif are required for Kuk NM localization and activity, as
reported previously (Brandt et al., 2006). Substitution of the
putative coiled coil motif of Kuk by the coiled coil of GCN4,
results in a construct that localizes at the NM but does not
have the wt activity on nuclear shape. This indicates that
NM localization is not sufficient for Kuk function. In addi-
tion, we found that the conserved motif consisting of aa
353–404 is required for the nuclear elongation induced by
Kuk during cellularization. Kuk-�353-404 localizes at the
NM and induces nuclear shape changes both in fibroblasts
and fly embryos but fails to elongate the cortical nuclei in the
embryo. Kuk-�353-404 and Kuk-cc��N185 were the only
constructs for which localization at the NM was not com-

bined with rescue of the nuclear elongation phenotype in the
embryo. Considering the above mentioned observations, it
is conceivable that the conserved part 353–404 is essential
for maintaining nuclear elongation but not for inducing
nuclear ruffling. It has been shown that microtubules are
required for maintaining the elongated shape of nuclei in the
fly embryo, because upon their destruction the nuclei fail to
elongate even though they still ruffle apically (Brandt et al.,
2006). One possibility could be that the domain 353–404
takes part in an interaction of microtubules with the NM that
could contribute in the maintenance of the elongated nuclear
shape.

We showed that ectopic expression of Kuk and
LaminDm0�N in yeast results in the formation of abnor-
mally shaped nuclei. The activity of farnesylated proteins in
yeast, where there is no classical nuclear lamina, suggests
that the nuclear shape changes could be induced due to the
incorporation of the proteins at the NM via their farnesy-
lated moiety and would therefore be independent of fila-
ment formation. The latter is further supported by there
being so far no evidence that Kuk can form filaments as well
as by the activity of the truncated, nonfilament forming
construct LaminDm0�N in yeast. The yeast nuclear mor-
phology upon Kuk or LaminDm0�N expression is similar to
the morphology observed when Esc1p, a yeast protein of the
nuclear periphery is overexpressed (Hattier et al., 2007).
Esc1p is a nonmembrane and nonfilament forming protein
of the nuclear periphery and despite its coiled coil motifs
and its activity on nuclear shape it is not comparable with
lamins. Solubilization properties of the protein suggest that
it bears a lipid modification via which it associates to mem-
branes (Taddei et al., 2004). Therefore, Esc1p could be an-
other example of a lipid-modified protein that changes nu-
clear shape when overexpressed, without depending on
filament formation or the presence of a classical nuclear
lamina. Because Esc1p can function as an anchor for chro-
matin (Taddei et al., 2004), it is possible that chromatin-
nuclear periphery interactions can also participate in nuclear
shape changes. A potential role of chromatin is also sug-
gested by the nuclear shape changes that were observed
upon depletion of the chromatin interacting protein BAF in
S2 cells. Together, we suggest that nuclear shape changes
due to the overexpression of Kuk or LaminDm0�N are

Table 2. Summary of the results from the liposome deformation experiments

Recombinant protein�farn.

Deformation of liposomes

0.1� protein (�0.1–0.4 �M) 1� protein (�1–4 �M) 10� protein (�10–40 �M)

zz-Kuk � � NA
zz-Kuk-�N185 � � NA
zz-Kuk-�N437 � � NA
GFP-Lamin�N � � ���
GFP-NLS-Cterm � � �
GFP-NLS-CaaX � � �
GFP No effect and no colocalization

with liposomes
No effect and no colocalization

with liposomes
No effect and no colocalization

with liposomes

The table summarizes the results of the liposome deformation experiments (see Figure 8 and Supplemental Figure S4). The effect of the
respective constructs on the liposome morphology is shown by ��� (very strong), � (strong), or � (no effect). The proteins were used in
0.1�, 1�, or 10� amounts, except for the three Kuk constructs for which a 10� amount was not possible (NA). All the results shown in this
table refer to the sample where the components of the farnesylation reaction were added to the liposome–protein mix. The second column
shows the micromolar concentration for each of the proteins in the mixture of protein–liposomes (final volume, 20 �l), where 1� protein
amount was used. The 1� protein amount refers to the amount shown on the Coomassie Blue-stained gel in Supplemental Figure S4.
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independent of filament formation and might also be related
to altered chromatin–NM interactions.

The hypothesis for a lamina-independent activity of Kuk
is consistent with the results of our RNAi experiment that
indicate that localization of Kuk and lamin Dm0 does not
depend on other known INM proteins. For lamin Dm0, this
result was not unexpected because the protein is itself re-
quired for structural integrity of the nucleus as well as for
the localization of many INM proteins. In contrast to the
LEM domain proteins otefin, bocksbeutel, and dMAN1, and
several newly identified nuclear envelope transmembrane
proteins that depend on lamins for their INM localization
(Wagner et al., 2004, 2006; Malik et al., 2010), Kuk localizes at
the INM even when lamin Dm0 is down-regulated, which
indicates that Kuk is tethered at the NM without depending
on lamin Dm0. The dependence of Kuk NM localization on
BAF and p55 was an unexpected finding that suggests that
the organization of the NM might depend at a certain extent
on its direct or indirect interaction with chromatin. Never-
theless, so far we do not have any evidence of direct Kuk-
chromatin or Kuk-chromatin binding proteins interactions.
The abnormal nuclear morphologies observed upon BAF
down-regulation, have been attributed to the disruption of
interactions between BAF, LEM domain proteins and lamin
Dm0 (Furukawa et al., 2003). However, this hypothesis can-
not explain the nuclear phenotype of the p55 RNAi-treated
S2 cells, because p55 is a nucleoplasmic WD-repeat compo-
nent of histone modifying and chromatin assembly com-
plexes (Tyler et al., 1996, 2001), which is not expected to
interact with NM proteins. Therefore, it seems that changes
in chromatin organization induced by down-regulation of
chromatin associated proteins can affect nuclear shape in a
direct or indirect way.

In the in vitro liposome binding assay, we observed that
farnesylation results in the enrichment of the respective
protein in the lipid bound fraction but not in exclusion of the
protein from the aqueous phase. This result is consistent
with experiments using farnesylated peptides (Silvius and
l’Heureux, 1994; Rowat et al., 2004), where it was shown that
the peptides partition between the aqueous and lipid
phases. Because we did not use peptides but large protein
fragments and even the FL protein in the case of Kuk, we
cannot exclude the contribution of other domains in addi-
tion to the CaaX motif, to the determination of the final lipid
binding properties. Nevertheless, the binding affinity of all
the protein constructs we tested was rather moderate, as
expected for farnesylated proteins. Farnesylation is a rather
weak lipid modification, and although for other proteins,
i.e., Ras, a second modification, palmitoylation, follows in
order to render the binding more stable (Hancock et al.,
1990) nothing similar is known to take place in the case of
lamins or Kuk.

The effect of farnesylated proteins on nuclear shape has
been extensively described but the mechanism through
which these morphological changes are induced has re-
mained unclear. Changes in membrane structure can be
primarily achieved by two mechanisms (Kozlov, 2010). One
mechanism involves contraction of boundaries between do-
mains of different lipid phases. In this model, protein mol-
ecules can act as scaffolds and stabilize membrane curvature.
The second mechanism involves asymmetric insertion of
lipid or protein molecules in one of the two layers of the
membrane. Considering our liposome assay results, which
showed that farnesylated recombinant proteins bind to lipo-
somes and change their morphology, we suggest that farne-
sylated NM proteins change nuclear shape using the second
mechanism, involving asymmetric insertion. Because we do

not have evidence of altered lipid composition of the bilayer,
we rather propose that the membrane shape changes are due
to asymmetric insertion of farnesylated protein molecules to
the lipid monolayer, which would lead to membrane defor-
mation. Nevertheless, the contribution of lipid asymmetry
cannot be excluded. It is possible that the farnesylated moi-
ety of the proteins preferentially associates with specific
categories of lipids that would cluster asymmetrically when
the protein is inserted to the lipid layer. Contraction of
boundaries (first suggested mechanism) might also in part
take place, because it has been shown that prenylated pep-
tides are excluded from lipid raft domains (Zacharias et al.,
2002). The exclusion of farnesylated proteins from specific
membrane domains could subsequently lead in boundary
contraction and altered membrane morphology.

In conclusion, the results of our study demonstrate for the
first time that farnesylated proteins of the NM affect nuclear
shape in absence of a classical lamina and induce morpho-
logical changes to protein-free liposomes depending on their
farnesylation. The reduction of activity on liposome defor-
mation when the Ig-fold globular part of LaminDm0�N is
removed suggests that this part of the protein plays a role in
the activity of the protein. The requirement of farnesylation
for activity on NMs and liposomes suggests that nuclear
morphology changes might be directly arising from the in-
sertion of the proteins to the lipid bilayer of the NM via their
lipophilic farnesylated moiety. Nevertheless, the contribu-
tion of other mechanisms, including the alteration of NM–
chromatin interactions that could consequently affect nu-
clear structure cannot be excluded.
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