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A newly emerging family of phosphatases that are members of the
haloacid dehalogenase superfamily contains the catalytic motif
DXDX(T/V). A member of this DXDX(T/V) phosphatase family
known as Dullard was recently shown to be a potential regulator
of neural tube development in Xenopus [Satow R, Chan TC,
Asashima M (2002) Biochem Biophys Res Commun 295:85-91].
Herein, we demonstrate that human Dullard and the yeast protein
Nem1p perform similar functions in mammalian cells and yeast
cells, respectively. In addition to similarity in primary sequence,
Dullard and Nem1p possess similar domains and show similar
substrate preferences, and both localize to the nuclear envelope.
Additionally, we show that human Dullard can rescue the aberrant
nuclear envelope morphology of nem7A yeast cells, functionally
replacing Nem1p. Finally, Nem1p, has been shown to depospho-
rylate the yeast phosphatidic acid phosphatase Smp2p [Santos-
Rosa H, Leung J, Grimsey N, Peak-Chew S, Siniossoglou S (2005)
EMBO J 24:1931-1941], and we show that Dullard dephosphory-
lates the mammalian phospatidic acid phosphatase, lipin. There-
fore, we propose that Dullard participates in a unique phosphatase
cascade regulating nuclear membrane biogenesis, and that this
cascade is conserved from yeast to mammals.

C-terminal domain phosphatase | Dullard | lipin | nuclear envelope
biogenesis | phosphatidic acid phosphatase

Reversible phosphorylation is governed by a large number of
cellular protein kinases and protein phosphatases (1). The
protein phosphatases can be classified into at least three major
families based on amino acid sequences at their active sites (1).
The three families include the protein serine/threonine phos-
phatases with the active site sequence: DXH(X),DXXD(X),
NH(D/E) (2), the protein tyrosine phosphatases possessing the
active site sequence C(X)sR (1), and a newly emerging protein
phosphatase family containing the active site sequence DX-
DX(T/V). This latter family of phosphatases belongs to the
haloacid dehalogenase (HAD) superfamily (3-6).

One of the best-studied DXDX(T/V) phosphatases dephos-
phorylates the phosphorylated C terminus of RNA polymerase
IT (7-9). This latter phosphatase is named TFIIF-interacting
C-terminal domain (CTD) phosphatase 1 (FCP1). Using the
human sequence of FCPI, it is possible to identify a small
subfamily of the DXDX(T/V) phosphatases that include small
CTD phosphatase 1 (SCP1), SCP2, SCP3, translocase of inner
mitochondrial membrane 50 (TIMMS50), HSPC129 (CTD small
phosphatase like 2, CTDSPL2), ubiquitin-like domain contain-
ing CTD phosphatase (UBLCP), and Dullard. The biological
functions of these phosphatases are just beginning to be under-
stood. SCP1 was recently shown to function as a transcriptional
corepressor inhibiting neuronal gene transcription in nonneu-
ronal cells (10, 11). SCP2 is amplified in human sarcomas (12),
whereas SCP3 was recently reported to be a tumor suppressor
gene deleted in a lung carcinoma cell line (13). UBLCP possesses
an ubiquitin-like domain (UBQ), but its function is unknown
(14). TIMMS50 localizes to mitochondria and is part of the
molecular machinery for mitochondrial protein import (15, 16).
Finally, Dullard was shown to be important in neural tube devel-
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opment in Xenopus (17), and recently it was also reported to inhibit
bone morphogenic protein (BMP) receptor activation (18).

Some of the DXDX(T/V) phosphatases are conserved
throughout evolution. Saccharomyces cerevisiae clearly has a
protein that resembles human FCP1 (7). In addition, the yeast
genome has four additional phosphatases that contain the
DXDX(T/V) motif and also share sequence similarity to Fcplp.
Two of these phosphatases, Psrlp (plasma membrane sodium
response protein 1) and Psr2p, are required for the activation of
the sodium stress response in yeast, and these phosphatases
dephosphorylate stress-regulated transcription factors (19, 20).
Yeast also has Timm50p, which, like human TIMMS50, plays a
role in transporting proteins into the mitochondria (15, 16).
Finally, a DXDX(T/V) protein known as Nemlp (nuclear en-
velope morphology protein 1) forms a complex with Spo7p
(Sporulation-specific protein 7), and this complex is involved in
the formation of a spherical nucleus (21). One target of the
Neml1p-Spo7p complex is the nuclear membrane-associated
phosphatidic acid phosphatase, Smp2p (22, 23). The yeast data
suggest there is a critical signaling cascade involving the Nem1p/
Spo7p protein complex and Smp2p, and that this pathway plays
a critical role in nuclear membrane biogenesis (24-26). It is
interesting to note that the phosphatidic acid phosphatase,
Smp2p, is also a member of the superfamily of HAD proteins
that contains a DXDX(T/V) phosphatase catalytic sequence (23).

Herein, we demonstrate that the mammalian protein Dullard
and the yeast protein Neml1p are orthologous protein phospha-
tases. This orthologous relationship is based on the evolutionary
relationship between Dullard and Nemlp and the similarities
among their transmembrane topologies, substrate preferences,
and subcellular localizations. Most importantly, Dullard serves
as a functional equivalent of Nemlp in yeast. In addition, our
results suggest that Dullard dephosphorylates the mammalian
equivalent of Smp2p, a recently identified protein known as lipin
(24). Finally, we demonstrate that Dullard also regulates nuclear
membrane biogenesis, suggesting that the essential elements of
this phosphatase signaling cascade are conserved from yeast to
humans.

Results

Phylogeny of CTD Phosphatases. We analyzed the CTD phospha-
tases of Homo sapiens, Drosophila melanogaster, and S. cerevisiae
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red. GenBank accession numbers are provided in S/ Methods.

to determine their phylogenetic relationships (Fig. 1). The first
closely related group of proteins includes human SCP1, -2, and
-3, HSPC129, and yeast Psrlp and -2p, along with CG5830 from
D. melanogaster. A second group is divided into two subclasses,
the TIMMS50 and the UBLCP subclasses. Human UBLCP and
fly CG6697 are distinct from the TIMMS0 branch and appear to
be restricted to higher eukaryotes. The third group is divided
into the FCP1 and the Dullard subclasses. Both FCP1 and
Dullard family members appear to be conserved in yeast, fly, and
human.

Dullard Has Similar Domains to Nem1p. Sequence alignment of
Dullard and Nem1p show they share ~50% amino acid sequence
similarity, however, their N termini are quite divergent (Fig. 2B).
To determine whether the N termini of Nemlp and Dullard
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A phylogeny of CTD phosphatases. Human Dullard (H. sapiens, Hs), fruit fly CG1696 (D. melanogaster, Dm), and yeast Nem1p (S. cerevisiae, Sc) are in

contain similar properties, we investigated both by bioinformatic
analyses. The N terminus of Nemlp is predicted to contain a
transmembrane helix motif of ~40 residues with two potential
membrane-spanning regions (Fig. 2B). The presence of these
two membrane-spanning domains has been addressed experi-
mentally for Nemlp, and this domain directs Nemlp to the
nuclear envelope and endoplasmic reticulum (21). A similar
analysis predicted that the N terminus of Dullard also possesses
two membrane-spanning regions (Fig. 2B). Thus, despite pri-
mary sequence divergence, both Nemlp and Dullard contain
predicted N-terminal transmembrane regions and a C-terminal
DLDET phosphatase domain.

To confirm that the N terminus of Dullard possesses elements
to direct its localization, we generated an N-terminal truncation
removing the first 45 residues of the protein (A1-45), which

LDET,
A TM-Helix CTD Phosphatase Domain
244 aa
(3-30) (52-236)

B Transmembrane Helix Region
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Fig. 2.

The CTD phosphatase domain and transmembrane helix (TM-Helix) of Dullard. (A) The representation of the domain organization of Dullard. TM-Helix,

transmembrane-helix. The DLDET catalyticsignature motifisin red. (B) The sequence alignment of Dullard and Nem1p. The residues in the transmembrane region

in Dullard and Nem1p are in green.
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Fig. 3. The activity of recombinant Dullard (46-244)-Hise. (A) The purifica-
tion of Dullard (46-244)-Hise. Ten micrograms of protein was loaded onto gel
and stained with Coomasie blue. (B) The activity against pNPP of wild-type and
mutants (D67N, D67E, and D67ED69T) of recombinant human Dullard (46—
244)-Hise. The reactions were performed with 500 ng of each protein, and the
absorbance at 410 nm was measured after termination of reaction with 0.25
M NaOH. The error bar is the standard deviation of three measurements. (C)
The activity against pNPP of wild-type of recombinant human Dullard (46—
244)-Hisg with different inhibitors. The reactions were performed with 500 ng
of wild-type recombinant protein and 1 mM NaF, 0.1 mM BeCly, or a mixture
of 1 mM NaF and 0.1 mM BeCl,. The error bar is the standard deviation of three
measurements.

deletes the entire predicted membrane-spanning region. An
EGFP fusion construct of Dullard was expressed in HeLa cells.
Fluorescence microscopy demonstrated that Dullard localized to
the perinuclear region [supporting information (SI) Fig. 6A4]. A
similar localization was observed by using other epitope tags
(V5, FLAG, and myc; data not shown; ref. 27). This localization
was abolished by the A1-45 truncation (SI Fig. 6B). Additionally,
fusing the first 45 amino acids of Dullard to EGFP-targeted
EGFP to the perinuclear region (SI Fig. 6C), supporting the
prediction that Dullard possesses membrane-spanning regions in
its N terminus. Therefore, both Nem1p and Dullard appear to be
targeted to the nuclear envelope and endoplasmic reticulum by
a similar membrane-spanning domain (Fig. 2B).

Dullard Is a Protein Ser/Thr Phosphatase. The N-terminal trans-
membrane region (Fig. 2B, residues 3-30) of Dullard is very
hydrophobic and renders recombinant Dullard insoluble. There-
fore, to test the enzymatic properties of Dullard, we constructed
a C-terminal-His tagged protein lacking the first 45 amino acids
of the protein. We produced the protein in Escherichia coli and
purified it to near homogeneity (Fig. 34). Dullard (46-244)-Hisg
was used for all biochemical characterizations. To determine
whether Dullard acts as a protein phosphatase, we performed a
kinetic analysis by using the artificial substrate, p-nitrophenyl
phosphate (p-NPP). A pH/rate profile for Dullard, as measured
by p-NPP hydrolysis, revealed that Dullard has a pH optimum at
pH 5.5 (data not shown). Therefore, assays were performed at
this pH. Recombinant Dullard exhibited a Ky,, of 18 mM and kcat
of 1 s~! by using p-NPP as a substrate.

6598 | www.pnas.org/cgi/doi/10.1073/pnas.0702099104

Table 1. Results from a phosphopeptide array assay

Percent hydrolysis

Phosphopeptides under assay condition
RRGGV( pS)AEVYT 86
L(pS)DQEKRKQIS 79
AKSFG( pS)PNRAY 83
GSRRG(pS)FDATG 100
RRKYR(pS)NKGES 86
PTMRP(pS )MSGLH 79
PQSPG( pS )PLEEE 78

The sequences having >75% of phosphate hydrolysis were selected. The
prolines are in green, basic residues are in blue, and phosphorylated serines
arein red.

Because Dullard shares the DLDET motif with other CTD
phosphatases (Fig. 24), we examined the effect of mutating the
predicted catalytic aspartate (DLDET) to asparagine (D67N) or
to glutamate (D67E). As expected, mutation of the aspartate
residue to either glutamate or asparagine abolished phosphatase
activity (Fig. 3B). Additionally, we mutated the second con-
served aspartic acid residue in the DLDET motif to threonine as
well as producing the D67E mutation (D67ED69T) to see
whether the EXTX motif, which is found in TIMMS50, has
catalytic activity against p-NPP. The D67ED69T mutant also
lacked any enzymatic activity against p-NPP (Fig. 3B).

To explore the possibility that Dullard dephosphorylation
proceeds by a pentacovalent phosphorus intermediate like other
members of the HAD superfamily, Dullard activity was exam-
ined in the presence of several inhibitors (Fig. 3C). Like other
HAD family proteins (28, 29), Dullard is inhibited by BeF3,
which is known to form a pentacovalent intermediate; Dullard
is not inhibited by NaF or BeCl,. The BeF3~ most likely mimics
phosphate coordination within Dullard’s active site and thus
effectively inhibits the enzyme. These results suggest that Dull-
ard shares a similar catalytic mechanism to other proteins in the
HAD superfamily.

Next, we used a phosphopeptide array of 360 phosphopeptides
to explore Dullard’s substrate preference. Recombinant Dullard
hydrolyzed 73 of 174 phosphoserine peptides. Surprisingly, re-
combinant Dullard hydrolyzed only 1 of 57 phosphothreonine
peptides and did not hydrolyze any of the 129 phosphotyrosine
peptides. These data demonstrate that Dullard has a
marked preference for dephosphorylating phosphoserine- or
phosphothreonine-containing peptides, and that recombi-
nant Dullard does not hydrolyze a variety of phosphotyrosine-
containing peptides.

To explore the optimal phosphopeptide sequence motif nec-
essary for recognition by Dullard, we followed the rates of
phosphopeptide hydrolysis. Seven of the 360 phosphopeptides
showed >75% hydrolysis by Dullard at early time points in the
reaction. The best phosphopeptide substrates are shown in Table
1. These peptides contain basic residues in their N-terminal
positions (relative to the sites of phosphorylation), and some of
the peptides also have a proline residue following the phosphor-
ylated residue. It is interesting to note that Nemlp displays a
modest preference for the sequence motifs: RXX(pS) and
(pS/PT)P (22), suggesting that Dullard and Nem1p are likely to
have common biological substrates.

Localization of Endogenous Dullard. To determine the localization
of endogenous Dullard, we generated a polyclonal antibody to
recombinant Dullard and probed several mammalian cell lines
(HEK 293, COS-7, and HeLa) with this antibody. This analysis
showed that Dullard localizes in a punctuate pattern around and
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Fig. 4.

Subcelluar localization of endogenous Dullard and yeast complementation assay. (A) Subcellular localization of Dullard. Endogenous Dullard was

detected with a polyclonal antibody to recombinant Dullard by immunocytochemistry and observed by deconvolution fluorescence microscopy. (B) Yeast
complementation assay. nem1A cells expressing Sec63p-GFP were transformed with constructs containing NEM1, Dullard wild type, Dullard-D67N, SCP1, or empty
vector. Cells were grown at 30°C to early log phase and analyzed by fluorescence microscopy. The scores in three independent experiments were converted to

average percentage * standard deviation.

inside the nucleus. To test the specificity of this antibody, we
preincubated the antibody with recombinant Dullard and found
all localization was specific (data not shown). Because Fig. 4
seems to show a limited amount of Dullard localized to the same
location as nuclear lamin, we conducted 3D imaging of Dullard
nuclear localization by using deconvolution algorithms (SI
Movie 1). This imaging elegantly shows that Dullard is present
in the nuclear envelope membrane just beneath the nuclear
envelope marker lamin A (SI Movie 1).

Dullard Functionally Replaces Nem1p. Deletion of NEM1 in yeast
results in an aberrant nuclear membrane morphology (21). To
investigate the functional conservation between Dullard and
Nemlp, we expressed Dullard in yeast nemIA cells and scored
the morphology of the nuclear envelope as normal or aberrant.
Both Dullard and Nem1p rescued the aberrant nuclear envelope
phenotype (Fig. 4B); however, Dullard-D67N, which is catalyt-
ically inactive, did not rescue the morphological phenotype (Fig.
4B). Likewise, SCP1, another member of the CTD phosphatase
family, did not rescue the phenotype (Fig. 4B). These results
demonstrate that Dullard can functionally replace Nem1p.

Dullard Dephosphorylates Lipin. Nem1p, along with its interacting
partner Spo7p, dephosphorylates the DXDX(T/V) phosphatidic
acid phosphatase, Smp2p (22). Because Dullard can functionally
replace Nemlp in nemIA cells, we hypothesized that Dullard
could function to dephosphorylate the mammalian equivalent of
Smp2p. Recent studies have suggested that a small family of
proteins known as lipins (lipins 1, 2, and 3) shows sequence
homology to Smp2p. Lipin 1 is also a DXDX(T/V) containing
phosphatase which can be phosphorylated at multiple (pSer/
pThr)Pro sequences (24). The apparent similarities in the yeast
and mammalian cell signaling cascades prompted us to conduct
in vitro dephosphorylation assays of lipin by using recombinant
Dullard. We were surprised to observe that recombinant Dullard
did not dephosphorylate lipin in vitro (data not shown). We
speculated that Dullard might require a mammalian protein
corresponding to the yeast counterpart of Spo7p. Therefore, we
examined whether Dullard dephosphorylates lipin 1 in vivo in
HelLa cells, HEK293A cells, and BHK cells. Dullard significantly

Kim et al.

dephosphorylates mouse lipin 1b only in BHK cells (Fig. 54).
This is most clearly seen by using the antibody prepared against
the phosphorylation site Ser-106, because lipin can be dephos-
phorylated at multiple sites (24). Oleic acid is a known stimulant
that induces dephosphorylation of lipin 1 (24). As expected, lipin
1 was dephosphorylated to a higher degree in cells expressing
Dullard upon treatment with oleic acid. Additionally, there is no
effect on the in vivo dephosphorylation of lipin 1 with the active
site mutant (D67N) of Dullard (data not shown). Therefore,
these results suggest that Dullard is responsible for the in vivo
dephosphorylation of lipin 1 in BHK cells, which is enhanced by
oleic acid. Our results suggest that Dullard dephosphorylates
lipin in BHK cells but not in HeLa cells or HEK293A cells.
Although we do not know the reason for this selective dephos-
phorylation of lipin in BHK cells, it is possible that HeLa cells
and HEK293A cells do not have enough of the mammalian
equivalent of the yeast protein Spo7p. Lack of the equivalent
would render Dullard inactive toward lipin 1.

Discussion

We have shown that Dullard is a protein Ser/Thr phosphatase
localized to the nuclear envelope. Previous reports demonstrate
that Dullard is localized to mitochondria (30), but we see no
evidence for this in any of our localization studies. It appears that
the NH,-terminal 45 residues of Dullard are capable of targeting
EGFP to the nuclear membrane and endoplasmic reticulum. We
also demonstrate that Dullard can functionally replace Nem1p in
yeast and is a likely ortholog of yeast Nem1p. Finally, we show
that Dullard can dephosphorylate lipin 1, suggesting that the
biological role of Dullard is similar to that of yeast Nemlp in
regulating nuclear membrane biogenesis.

A genetic interaction study with the nucleoporin Nup84p in
yeast identified the two proteins, Nemlp and Spo7p (21).
Subsequently, it was demonstrated that Nem1p and Spo7p form
a protein complex, and that the two proteins have a role in
nuclear envelope morphogenesis by regulating Smp2p (22).
Smp2p is phosphorylated by cell cycle-related kinases and
dephosphorylated by the complex of Nemlp and Spo7p (22).
Dephosphorylated Smp2p then dephosphorylates phosphatidic
acid and produces diacylglycerol in yeast (23, 25). The diacyl-
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Fig. 5. Dullard dephosphorylates lipin 1. (A) In vivo dephosphorylation of
lipin by Dullard with oleic acid treatment in BHK cells. Cells were cotransfected
with HA-lipin and Dullard-myc. Cell extracts were immunoprecipitated with
antibody to lipin and then blotted with antibodies to phospho-S106 or HA tag.
(B) Schematic of proposed relationship between Nem1p complex and Dullard
complex.

glycerol is used in lipid synthesis, and dephosphorylation of
phosphatidic acid induces translocation of the lipid synthesis
regulator, Overproducer of inositol protein 1 (Opilp) from the
endoplasmic reticulum to the nucleus (25, 26). Nuclear Opilp
attenuates the transcription of lipid synthesis-related genes (25).
Therefore, dephosphorylation of Smp2p by the Nem1p/Spo7p
complex is an important regulatory mechanism of nuclear
membrane biogenesis during cell division in yeast.

The mammalian ortholog of Smp2p appears to be lipin (22).
Mutations in lipin result in lipodystrophy (31). Like Smp2p, lipin
is a phosphatidic acid phosphatase and produces diacylglycerol
in mammalian cells (24). Lipin also can be phosphorylated and
dephosphorylated by cellular stimulants, such as insulin or oleic
acid (24), and this regulation is connected to its function in
adipocyte development (32-34). Lipin is phosphorylated on at
least 19 residues (24) and can be phosphorylated by several
kinases (34). Dephosphorylation of lipin results in its translo-
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cation to the nuclear envelope and endoplasmic reticulum
membranes from the cytosol and generation of diacylglycerol
(24). Our findings suggest that Dullard and lipin participate in a
signaling cascade that regulates nuclear membrane biogenesis in
a similar fashion to the Nemlp-Smp2p signaling module ob-
served in yeast.

Interestingly, lipin and Smp2 have the same catalytic signature
motif, DIDGT, and Nemlp and Dullard also have the same
catalytic signature motif, DLDET. Both motifs originate from
the HAD superfamily. This signaling cascade consists of two
phosphatases with a DXDX(T/V) motif. Although kinase sig-
naling cascades are extremely well known, there are few phos-
phatase signaling cascades that have been described. To illus-
trate the parallel nature of this signaling pathway, we have
outlined the specific steps in both yeast and mammals (Fig. 5B).
In yeast, Nemlp dephosphorylates Smp2p, and then dephos-
phorylated Smp2p dephosphorylates phosphatidic acid. In mam-
mals, Dullard dephosphorylates lipin, and then dephosphory-
lated lipin dephosphorylates phosphatidic acid. The readout of
either signaling cascades has a pronounced effect on regulating
nuclear membrane biogenesis.

It was recently reported that Dullard can dephosphorylate the
BMP receptor II, leading to down-regulation of the BMP
pathway (18). Although this study may provide some useful
insights into Dullard’s biological function, the localizations of
Dullard and the BMP receptor are expected to be in different
cellular locations. It is interesting to note that Satow et al. (18)
used an N-terminal tagged form of Dullard. Placing a tag on the
N terminus might lead to mislocalization of the protein. In
addition, overexpression of phosphatases in cultured cells can
lead to nonspecific dephosphorylation. It would appear that
additional work will be needed to clarify the role of Dullard in
the BMP receptor signaling pathway.

Finally, it is interesting to note that inactivation of Dullard was
originally shown to have a profound effect on brain development
in Xenopus (17). Again, there does not appear to be a good
explanation for this biological result. It is possible that altering
nuclear membrane biogenesis could have a profound effect on
brain development. Conversely, it is possible that Dullard may
have multiple functions that in turn lead to the observed
phenotype.

We have made considerable progress in elucidating the bio-
logical function of Dullard; however, there are many unanswered
questions that remain to be addressed. It will be important to
identify the mammalian equivalent of Spo7p (Fig. 5B) and to
more fully characterize the biochemical interaction between
Dullard and lipin 1. It is also critical to establish the role of
dephosphorylated lipin in regulating the expression of genes
involved in lipid synthesis in mammalian cells.

Materials and Methods

Cloning and expression constructs, protein expression and pu-
rification, phylogenetic analysis, generation of polyclonal anti-
bodies to Dullard, and phosphatase assays are available as S/
Methods.

Cell Culture, Transfection, and Immunocytochemistry (ICC).
HEK293A, HEK293T, COS-7, BHK, and HeLa cells were
maintained at 37°C and 5% CO, in DMEM (Invitrogen, San
Diego, CA) containing 10% FBS. Cells were transfected by using
Fugene 6 (Roche, Indianapolis, IN), following the manufactur-
er’s recommended protocol. For ICC, cells were fixed with 3.7%
formaldehyde and permeabilized with 0.3% Triton X-100. Cells
were incubated with the above-mentioned anti-Dullard poly-
clonal antibody (1:1,000) and an anti-lamin A monoclonal
antibody (Abcam, Cambridge, MA; 1:400) under conditions
previously described (35), by using goat anti-rabbit Alexa-488
and goat anti-mouse Alexa-568 secondary antibodies (Invitro-
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gen; 1:500 each). Cells were stained with DAPI to visualize
DNA. Microscopy was performed with a Delta Vision Decon-
volution Microscope System (Nikon, Melville, NY; TE-200
microscope) by using a X100 objective and a step size of 0.1 um.
3D perspectives of the captured images were generated with the
Meshviewer program through the visualization services portal of
the San Diego Supercomputer Center, University of California
at San Diego.

Yeast Complementation Assay. All yeast strains used in this study
are derivatives of BY4741 (EUROFAN II), genotype
MATa;his3D1;leu2D0;met15D0;ura3D0. The Sec63-GFP con-
struct was kindly provided by Charles N. Cole (Dartmouth
Medical School, Dartmouth, MA). To monitor nuclear
membrane morphology, nemlIA cells were transformed with
SEC63-GFP. nemlIA cells expressing Sec63p-GFP were then
transformed with a construct containing NEM1, Dullard, Dull-
ard-D67N, SCP1, or empty vector. Cells containing both con-
structs were grown in the appropriate selective medium at 30°C
to early log phase and analyzed by fluorescence microscopy. At
least 200 cells in three independent experiments were scored as
having or lacking wild-type nuclear membrane morphology.

In Vivo Dephosphorylation and Coimmunoprecipitation. Ten-
centimeter plates of BHK cells were transfected with 10 ug of
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plasmid, 8 ng of Dullard-myc/2 ug of pcDNAS3, 8 ug of pcDNA3/2
pg of HA-lipin, or 8 ug of Dullard-myc/2 ug of HA-lipin for 48 h.
After 24 h, transfected cells were serum-starved in DMEM/0.1%
BSA overnight before addition of 0.33 mM oleate (conjugated to
3% BSA) for 1 h. Cells were lysed in 1 ml of immunoprecipitation
buffer (50 mM NaF/1 mM EDTA/1 mM EGTA/10 mM sodium
phosphate/50 mM B-glycerophosphate, pH 7.4/0.1% Triton X-100)
supplemented with 1 mM phenylmethylsulfonylfluoride/10 wg/ml
leupeptin/10 pg/ml aprotinin/10 pg/ml pepstatin/0.5 uM microcys-
tin. Cell lysate was incubated for 3 h with 2 ug of antilipin antibodies
prebound to 15 ul of protein A-agarose. After thorough washing,
the immune complexes were resuspended in SDS load buffer,
eluted, and resolved on SDS/PAGE gel. Proteins were detected
with antibodies to phospho-S106 and HA tag (Roche). The prep-
aration of antibodies to phospho-S106 of mouse lipin 1b and lipin
was reported previously (24).
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