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Abstract CTP:phosphocholine cytidylyltransferase o
(CCTa), the rate-limiting enzyme in the CDP-choline path-
way for phosphatidylcholine (PtdCho) synthesis, is activated
by translocation to nuclear membranes. However, CCT« is
cytoplasmic in cells with increased capacity for PtdCho
synthesis and following acute activation, suggesting that
nuclear export is linked to activation. The objective of this
study was to identify which CCTa domains were involved in
nuclear export in response to the lipid activators farnesol
(FOH) and oleate. Imaging of CCT-green fluorescent pro-
tein (GFP) mutants expressed in CCTa-deficient CHO58
cells showed that FOH-mediated translocation to nuclear
membranes and export to the cytoplasm required the mem-
brane binding amphipathic helix (domain M). Nuclear ex-
port was reduced by a mutation that mimics constitutive
phosphorylation of the CCT phosphorylation (P) domain.
However, domain M alone was sufficient to promote trans-
location to the nuclear envelope and export of a nuclear-
localized GFP construct in FOH- or oleate-treated CHO58
cells. In the context of acute activation with lipid mediators,
nuclear export of CCT-GFP mutants correlated with in vitro
activity but not PtdCho synthesis.ill This study describes a
nuclear export pathway that is dependent on membrane
interaction of an amphipathic helix, thus linking lipid-
dependent activation to the nuclear/cytoplasmic distribution
of CCTa.—Gehrig, K., C. C. Morton, and N. D. Ridgway.
Nuclear export of the rate-limiting enzyme in phosphatidyl-
choline synthesis is mediated by its membrane binding domain.
J- Lipid Res. 2009. 50: 966-976.
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Phosphatidylcholine (PtdCho) has essential roles in
membrane structure, bile and lipoprotein secretion, cell
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proliferation, and apoptosis (1, 2). All mammalian cells
synthesize PtdCho by the CDP-choline (Kennedy) pathway
or by an alternate hepatic pathway involving sequential
methylation of phosphatidylethanolamine (3). In addition
to its central role in forming the limiting, semi-permeable
membranes of cells and organelles, PtdCho is also a source
of bioactive lipids such as phosphatidic acid, diacylglycerol
(DAG) and FAs. The synthesis of PtdCho by the CDP-
choline pathway is regulated by the rate-limiting enzyme
CTP:phosphocholine cytidylyltransferase (CCT). Mam-
mals express several structurally related CCT isoforms en-
coded by the CCTa and - genes (4). CCTa is ubiquitously
expressed in tissues and cultured cells, whereas the CCT(
isoforms display tissue-specific expression (5, 6). Isoforms
encoded by these genes have highly conserved catalytic
domains and 50-amino-acid amphipathic helices (termed
domain M) that mediate reversible interaction with lipid
bilayers (7). Domain M insertion into membranes is en-
hanced by type II lipids, such as phosphatidylethanol-
amine and DAG, or by negatively charged lipids, such as
FAs and phosphatidylglycerol (8, 9). Membrane association
of CCTa results in enhanced catalytic activity due to a re-
duced K, for CTP (10). Adjacent to domain M is a phos-
phorylation (P) domain, which in human CCTa contains
16 putative serine phosphorylation sites that negatively reg-
ulate enzyme association with membranes (11, 12).

A distinguishing feature of CCTa is the presence of an
N-terminal nuclear localization signal (NLS) that directs
the enzyme to the nucleus in many cultured and primary
cells (13—-16). CCTP isoforms lack an NLS and conse-

Abbreviations: CCT, cytidine triphosphate:phosphocholine cyti-
dylyltransferase; DAG, diacylglycerol; ER, endoplasmic reticulum;
FOH, farnesol; GFP, green fluorescent protein; INM, inner nuclear
membrane; NE, nuclear envelope; NES, nuclear export signal; NLS,
nuclear localization signal; NPC, nuclear pore complex; NR, nucleo-
plasmic reticulum; PtdCho, phosphatidylcholine.
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quently are found in the cytoplasm or associated with the
endoplasmic reticulum (ER). In terms of PtdCho produc-
tion, the functional significance of nuclear CCTa is un-
clear because the enzyme that supplies phosphocholine,
choline kinase, is cytoplasmic (17) and the terminal enzymes
that produce PtdCho, choline and choline-ethanolamine
phosphotransferases, are localized to the Golgi apparatus
and ER (18). Activation of nuclear CCTa by DAG or FAs re-
sults in translocation to the nuclear envelope (NE) (14, 15).
This leads not only to stimulation of enzyme activity, but also
to physical deformation of membranes due to insertion of
domain M into one leaflet of the bilayer (19, 20). Membrane
deformation by CCTa, which also requires nuclear lamins,
results in double membrane invaginations of the NE, termed
the nucleoplasmic reticulum (NR). Thus CCTa may have a
role in defining nuclear membrane architecture in important
pathological and developmental processes (21, 22), as well as
coordinating PtdCho synthesis with cell cycle events (23).

CCTa is active in the nucleus and has nuclear-specific
functions, but localization in the nucleus is not strictly re-
quired for survival of CHO cells (16). Furthermore, CCTa
is constitutively cytoplasmic in cells with increased demand
for PtdCho, such as primary hepatocytes (24), type II
pneumocytes (25), and differentiating B cells (26). Exit
of stationary cells into G, also caused export of CCTa from
the nucleus (27), perhaps as a response to lipophilic acti-
vators, such as FAs and DAG, produced by PtdCho catabo-
lism. In support of this conclusion, addition of exogenous
farnesol (FOH) and oleyl alcohol, potent lipid activators of
CCTo, induced rapid NE translocation and subsequent
enzyme export to the cytoplasm (13, 28). These agents also
induced apoptosis and caspase cleavage of the CCTa NLS.
However, export of CCTa was not affected by caspase inhi-
bition or mutagenesis of the CCTa caspase site, indicating
that the export signal is related to membrane translocation
and activation (13). Collectively, this implies that normally
dividing cells can synthesize adequate amounts of PtdCho
regardless of the site of CDP-choline synthesis, but that nu-
clear export of CCTa occurs in response to lipid activators
and increased demand for PtdCho.

In this study, we used green fluorescent protein (GFP)-
tagged CCTa to establish that the amphipathic helix
domain M was necessary and sufficient to promote nuclear
export by a mechanism that involved initial nuclear mem-
brane translocation. Furthermore, activation of CCTa by
oleate resulted in nuclear export that was reversed upon
removal of the FA. These results are consistent with a model
wherein the nuclear/cytoplasmic distribution of CCTa is
regulated by domain M in response to the membrane con-
tent of lipid activators.

MATERIALS AND METHODS

CCT-GFP vectors

The monomeric form of GFP (L.221K) encoded by pEGFP-N1
was used in all constructs (29). Vectors encoding CCT-3EQ-GFP,
CCT-5KQ-GFP, and CCT-8KQ-GFP were previously described (20).
Domain M fused to tandem copies of nuclear-localized GFP

(M-2GFP-NLS) was created as follows. A region of CCTa encoding
domain M (amino acids 237-310) was amplified (5-GCCAAGGA-
GCTCAATGTCAGCAAGCTTATGGAAAAG-3’, 5'-GACTCTG-
CTTGGGACTGATGGCCCGCGGCATC-3') and cloned into the
HindIll and Sadl sites of pEGFP-N1 (Clontech, Palo Alto, CA).
A triplet repeat encoding the SV40 NLS was then cloned into
the BsrGI and Nod sites at the 3’ end of the construct. Finally, a
cassette encoding an additional GFP flanked by Apal and Agel sites
was amplified (5'-CCCGGGATCCACGGGCCCCCACCATGGT-
GAGC-3’, 5'-CTAGAGTCGCGGCCGACCGGTTTGTACAGCTC-
GTCCATGCC-3’) and cloned into the construct to produce an
inframe tandem repeat of GFP. Domain M was excised from the
construct to create the control vector encoding nuclear-localized
GFP (2GFP-NLS).

Phosphorylation mutants CCT-16SA, CCT-16SE, CCT-7SA, and
CCT-AP (CCT 1-314) [kindly provided by Dr. Claudia Kent (12)]
were mutagenized to remove the stop codon and change the
reading frame, cloned into pcDNA3.1-V5, digested with HindlIIl
and Sacll, and ligated into pEGFP-N1. A similar approach was
used to make a GFP construct with a deletion of domain M and
P (CCT-AMP-GFP) using pCCT-A236 (19). Site-directed mutagen-
esis of pCCT-GFP was used to delete the region encoding domain
M to produce pCCT-AM-GFP.

Cell culture and transfections

CHOS58 cells expressing temperature-sensitive CCTa (30) were
cultured at 33°C in an atmosphere of 5% COg with DMEM plus
5% FBS and 34 pg proline/ml (medium A). CHO58 cells were
transfected with CCT-GFP constructs using Lipofectamine 2000
reagent (Invitrogen, Burlington, ON). After 12—-14 h at 37°C, cells
were washed once, switched to serum-free DMEM or Ham’s F-12
containing 10 mM HEPES (pH 7.4), and incubated at 40°C or
42°C for 1 h to suppress expression of endogenous temperature-
sensitive CCTa. Cells were treated with FOH or oleate for the
times and concentrations indicated in the figure legends, and
either prepared for fluorescence microscopy or harvested for im-
munoblotting and enzyme assays.

Fluorescence microscopy and quantification of
nuclear export

CHO?58 cells were cultured to 70% confluence on glass cover-
slips, fixed in 4% paraformaldehyde for 15 min, and perme-
abilized in 0.05% (w/v) Triton X-100 at —20°C for 10 min. Cells
were washed three times in PBS containing 1% (w/v) BSA and
incubated for 20 min with 10 pg/ml Hoechst 33258 (Invitrogen).
Following three washes in PBS, cells were mounted on glass slides
using 10 pl of mowiol (Calbiochem, Gibbstown, NJ). Images were
captured using a Zeiss Axiovert 200M fluorescence microscope
equipped with an axioCam HRm CCD camera and 100X oil-
immersion objective (NA 1.4).

To quantify nuclear and cytoplasmic localization of wild-type
and mutant CCT-GFP, a threshold contrast/brightness setting
was selected during image capture using Axiovision 4.5 that elimi-
nated background cytoplasmic fluorescence in CHO58 cells
expressing CCT-AMP-GFP. All other settings remained constant
between experiments, and only cells with similar levels of fluores-
cence were chosen for quantitation. CCT-AMP-GFP-expressing
cells were selected because this mutant is not membrane associ-
ated, and cells were devoid of cytoplasmic staining under un-
treated conditions. Images were exported to Photoshop, where
a pixel threshold value was selected that eliminated cytoplasmic
fluorescence in images of nontransfected CHO58 cells. This set-
ting was determined in each experiment and applied to images of
cells expressing wild-type and mutant CCT-GFPs treated with or
without FOH. Next, nuclear and total pixels (expressed as area)
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for Hoechst staining and GFP, respectively, were quantified using
Image] (v1.38). Relative cytoplasmic GFP fluorescence was then
expressed as total pixel area minus nuclear pixel area divided by
total pixel area.

For live-cell imaging (Fig. 1), CHO58 cells were transiently
transfected with CCT-GFP for 12—-14 h, transferred to serum-free
F-12 medium with 10 mM HEPES (pH 7.4), and mounted on the
40°C heated stage of a Nikon EclipseT2000-E inverted microscope
equipped with a 100X oil-immersion objective (NA 1.4) and GFP
filter set. After 1 h, cells were treated with FOH (60 wM) or oleate
(320 uM)-BSA, and images were captured at 30 s intervals using
a Photonics Cascade 512B CCD camera (Woburn, MA) and
Metamorph software program (Universal Imaging, West Chester,
PA). Live-cell images were taken on a Zeiss Axiovert 200M inverted
microscope equipped with a 100X oil-immersion objective
(NA 1.4), Zeiss axioCam HRm CCD camera and heated stage.

CCT assays and immunoblotting

CHOA58 cells expressing CCT-GFP and various CCT-GFP
mutants were cultured at 40°C or 42°C for 1 h prior to harvesting
a 16,000 g supernatant fraction as previously described (20). CCT
activity in this supernatant fraction was assayed using phospho
[**C]choline in the presence or absence of 2 mM PtdCho-
oleic acid (1:1, mol/mol) liposomes or 2 mM PtdCho-FOH
(3:2, mol/mol) liposomes (31). Enzyme activity was normalized
to expression of individual CCT-GFP proteins in the supernatant
fraction as determined by immunoblotting with an anti-GFP anti-
body and densitometry. Equivalency of protein loads was deter-
mined by immunoblotting with an actin polyclonal antibody.

RESULTS
CCT-GFP is exported from the nucleus in response

to FOH

Similar to the endogenous enzyme, CCT-GFP is local-
ized to the nucleus in CHO cells and undergoes transloca-

Fig. 1. Nuclear export of cytidine triphosphate:phosphocholine
cytidylyltransferase-green fluorescent protein (CCT-GFP) in live cells.
CHO58 cells transiently expressing CCT-GFP were mounted on a
40°C heated microscope stage. After equilibration for 15-20 min,
cells received 60 uM farnesol (FOH), and images were captured at
30 s intervals (150 ms exposures) for 30 min as described in Materials
and Methods. The Quicktime movie from which these individual
images were extracted is shown in supplementary Fig. I.
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tion to the NE and NR in response to exogenous oleate
(19, 20). This suggested that CCT-GFP could be used as a
probe to monitor nuclear export following stimulation with
FOH or oleate. To test this, CCI-GFP was transiently ex-
pressed for 12 h in CHObBS8 cells harboring a temperature-
sensitive version of CCTaq, transferred to a 40°C microscope
stage, and images were captured at 30 s intervals following
treatment with FOH (Fig. 1). CCT-GFP translocation to the
NE and nuclear punctuate structures corresponding to the
NR, as well as limited export to the cytoplasm, was observed
10—20 min after FOH treatment. After 30 min, CCT-GFP was
localized to the cytoplasm in approximately 75% of cells
(a Quicktime movie from which these pictures were taken
is shown in supplementary Fig. I). Additional experiments
showed that CHOb5S8 cells treated with FOH for 45 min dis-
played >90% release of CCT-GFP to the cytoplasm and no
evidence of chromatin condensation or other morphologi-
cal changes related to apoptosis.

Domain M is required for membrane translocation and
nuclear export of CCT-GFP

CCT-GFP appeared to localize to the NE and NR prior
to appearing in the cytoplasm (Fig. 1), suggesting that
membrane localization was a prerequisite for export.
Because translocation of CCTa to membranes is governed
by domains M and P (11, 12, 32), various CCT truncation
and point mutants in these domains were fused to GFP in
order to monitor their activity and cellular localization in
CHOBS8 cells after treatment with FOH or oleate. The series
of CCT-GFP mutants used for these experiments is as fol-
lows (Fig. 2A): point mutations in domain M that affect
affinity for membranes (CCT-3EQ, -5KQ), and -8KQ) (33);
mutations of domain P that prevent or mimic phosphory-
lation (CCT-16SA, -16SE, and -7SA) (12); and deletion of
domain M and/or P (CCT-AM, -AP, and -AMP). To assay
in vitro activity, a low-speed supernatant fraction was iso-
lated from CHO58 cells transiently expressing wild-type
and mutant CCT-GFPs at the nonpermissive temperature
to reduce endogenous CCTa activity. The supernatant frac-
tion isolated from these cells contained soluble CCT-GFPs
that migrated at the predicted molecular mass and were in-
tact based on the absence of free GFP (Fig. 2B). The super-
natant fractions were then assayed for CCT activity in the
presence or absence of PtdCho-oleate or PtdCho-FOH lipo-
somes (Fig. 2C). PtdCho-oleate liposomes activated CCT-
GFP b-fold, whereas PtdCho-FOH vesicles afforded a 2-fold
activation. CCT-3EQ-GFP had elevated activity in the ab-
sence of oleate or FOH, consistent with the role of these
interfacial glutamate residues in pH-dependent interaction
with membranes (33). Lipid activators did not cause a fur-
ther significant increase in activity. CCT-5KQ-GFP and CCT-
8KQ-GFP have decreased catalytic activity using PtdCho
vesicles containing 5-20% oleate (20), but vesicles contain-
ing 50% oleate significantly stimulated activity. PtdCho-
FOH liposomes activated CCT-5KQ-GFP but not the 8KQ
mutant. Consistent with the inhibitory role of domain P
phosphorylation (12), the activity of CCT-16SA-GFP and
CCT-7SA-GFP was elevated under basal conditions and stim-
ulated by oleate and FOH. In contrast, CCT-16SE had lower
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Fig. 2. In vitro activity and expression of CCT-GFP mutants. A: Domain structure of wild-type and CCTa mutants. GFP was fused to the C
terminus of all constructs (not shown). B: CHO58 cells were transfected with CCT-GFP or the indicated mutants at 37°C for 12—14 h, shifted to
40°C or 42°C for 2 h and harvested, and 16,000 gsupernatants were prepared and immunoblotted for GFP and actin. C: Enzyme activity was
assayed in cell supernatants in the absence of lipid activators (open bars), with phosphatidylcholine (PtdCho)-oleate vesicles (1:1, mol/mol)
(grey bars), or with PtdCho-FOH vesicle (3:2, mol/mol) (black bars) as described in Materials and Methods. Background CCT activity in
supernatants from cells transfected with pEGFP was subtracted. Activity of wild-type and CCT mutants was normalized to expression of in-
dividual CCT-GFP proteins (measured by immunoblotting) and then expressed relative to activity under unstimulated conditions. CCT ac-
tivity averaged 1,288, 1,091, and 1,217 dpm/assay in the supernatants of pEGFP-transfected cells without addition, plus oleate, or plus FOH,
respectively. Activity averaged 1,653, 7,138, and 4,124 dpm/assay in supernatants from CCT-GFP-expressing cells with no addition, plus oleate,
or plus FOH, respectively. Results are the mean and SEM of three separate experiments. *P < 0.05 compared with corresponding unstimu-
lated activity; *P < 0.05 compared with corresponding unstimulated activity; P < 0.05 compared with unstimulated CCT-GFP.

basal activity, and was activated by FOH but not oleate. The
basal activity of domain M deletion mutants CCT-AM-GFP
and CCT-AMP-GFP was similar to control and not stimu-
lated by oleate or FOH. The domain P deletion mutant
was strongly activated by PtdCho-oleate vesicles but not
FOH. Removal of the N-terminal NLS at the caspase cleav-
age site (CCT-A29-GFP) did not affect in vitro activity rela-
tive to wild-type. Collectively, CCT-3EQ-GFP, 16SA-GFP, and
7SA-GFP had significantly increased basal activity. CCT-8KQ-
GFP, 16SE-GFP, and AP-GFP displayed a discrepancy in rela-
tive activation by oleate versus FOH, which could be related
to the different charge and structure of these activators.

To assess the effect of these CCT mutations on PtdCho
synthesis, transfected CHOb58 cells were shifted to the non-
permissive temperature and [*H]choline incorporation into
PtdCho was measured in the absence and presence of ole-
ate and normalized to expression of each mutant in whole-
cell lysates (Fig. 3). Only in cells expressing CCT-GFP and
CCT-5KQ-GFP was there significant activation of PtdCho
synthesis by oleate. PtdCho synthesis in cells expressing

CCT-3EQ-GFP was increased 25—40-fold, a much higher level
of activation than observed in vitro (Fig. 2C). Similar to
in vitro conditions, CCT-16SE-GFP-expressing cells had a
low level of PtdCho synthesis that was not activated by ole-
ate. In general, however, PtdCho biosynthesis did not reflect
the basal or oleate-stimulated activity of various CCT-GFP
mutants predicted by in vitro assays. A comparison of
PtdCho synthesis to in vitro activity of CCT-GFP mutants
in the presence of FOH could not be made because FOH
induces a rapid block in conversion of CDP-choline to
PtdCho in numerous cell types (13, 34).

As shown in Fig. 1, FOH can be used to stimulate CCT
translocation and export from the nucleus. Unlike oleate,
FOH is poorly metabolized and thus provides a consistent
stimulus for CCTa activation and export. To identify mu-
tants with defective nuclear export, CHO5S8 cells were tran-
siently transfected with CCT-GFP constructs and cultured
in the absence or presence of FOH, and GFP fluorescence
and nuclear staining (Hoechst 33258) were monitored by
fluorescence microscopy (Fig. 4; a full set of single and
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Fig. 3. PtdCho synthesis in CHO58 cells expressing CCT-GFP mu-
tants. CHO58 cells were transfected with CCT-GFP or the indicated
mutants as described in the legend to Fig. 2. After 2 h at 42°C, cells
were incubated with choline-free DMEM containing [3H]Ch01ine
(2 wCi/ml) for 1 h, followed by treatment without (grey bars) or
with (black bars) 300 pM oleate/complexed with BSA for 1 h. [’H]
PtdCho was measured and normalized to expression of individual
CCT-GFP proteins by immunoblotting of whole-cell lysates, and ex-
pressed relative to synthesis in unstimulated CHOb58 cells trans-
fected with CCT-GFP. Background [*H]PtdCho synthesis in cells
transfected with pEGFP was subtracted. Total PtdCho synthesis
was 1,045 and 910 dpm/dish in control and oleate-treated pEGFP-
transfected cells, respectively. Total PtdCho synthesis was 13,655 and
36,5650 dpm/dish in control and oleate-treated CCT-GFP-expressing
cells, respectively. *P < 0.05 compared with corresponding un-
stimulated control. Results are the mean and SEM of three sepa-
rate experiments.

merged images for all untreated cells is shown in supple-
mentary Fig. II). To confirm that export was specific for
CCT-GFP and not due to disruption of the NE, it was nec-
essary to demonstrate that a soluble nuclear protein with a
molecular mass above the diffusion limit of the nuclear
pore complex (NPC) did not exit the nucleus in response
to FOH. A 60 kDa protein containing tandem GFPs fused
to the SV40 NLS (2GFP-NLS) was expressed in the nucleo-
plasm and did not export during FOH treatment for 45 min
(Figs. 4A, 6D). In contrast, CCI-GFP was extensively local-
ized in the cytoplasm following exposure to FOH (Fig. 4A).
This indicated that release of CCT-GFP to the cytoplasm
did not result from permeabilization of the NE or disrup-
tion of nuclear pores by FOH. The proportion of CCT-GFP
in the cytoplasm of FOH-treated cells was similar to CCT-A
29-GFP, which was primarily cytoplasmic owing to removal
of the NLS (Fig. 4A). CCT-GFPs with point mutations in
domain M were translocated to the NE but displayed vary-
ing levels of fluorescence in the nucleoplasm, NE, and cy-
toplasm (Fig. 4B). The enhanced membrane affinity of
CCT-3EQ-GFP resulted in variable punctuate fluorescence
in the cytoplasm and nucleus in the absence and presence
of FOH (Fig. 4B). Mutants with compromised membrane
binding (CCT-5KQ-GFP and CCT-8KQ-GFP) translocated
to the NE and NR, but export to the cytoplasm was re-
duced compared with CCT-GFP. Domain P phosphorylation

970 Journal of Lipid Research Volume 50, 2009

mutants appeared to be exported to the cytoplasm to a sim-
ilar extent as CCT-GFP (Fig. 4C). Deletion of domain M
(CCT-AMP-GFP and CCT-AM-GFP), but not domain P
(CCT-AP-GFP), prevented cytoplasmic localization in re-
sponse to FOH (Fig. 4D). To ensure that wild-type and mu-
tant CCT-GFPs remained intact during FOH treatment, the
expression of each mutant shown in Fig. 4A—D was evaluated
by SDS-PAGE and immunoblotting of total lysates from cells
treated with and without FOH (Fig. 4E). Free GFPs were not
detected in cells expressing CCT-GFPs, nor did exposure of
cells to FOH induce caspase cleavage at the N-terminus.

To quantify the extent of nuclear export of wild-type and
CCT-GFP mutants shown in Fig. 4, cytoplasmic fluorescence
was measured as pixel area and expressed relative to total
cellular fluorescence (Fig. 5). This method quantifies fluo-
rescence based on the absence or presence of pixels in the
cytoplasm above a threshold value. Quantification of cyto-
plasmic and nuclear fluorescence revealed that almost
75% of CCT-GFP was exported from the nucleus in response
to FOH, a value that was similar to the cytoplasmic distribu-
tion of CCT-A29-GFP. Cytoplasmic CCT-3EQ-GFP was quite
variable in untreated cells and was further increased by
FOH to a level similar to CCT-GFP. The reduced membrane
affinity of CCT-5KQ-GFP and CCT-8KQ-GFP resulted in sig-
nificant reduction in export. CCT-GFP domain P mutants
with serine-to-alanine mutations (16SA and 7SA) were ex-
ported to a similar extent as CCT-GFP, but the cytoplasmic
proportion of CCT-GFP-16SE, a mutant mimicking consti-
tutive phosphorylation, was significantly reduced. Removal
of domain M, either by truncation at amino acid 236 (CCT-
AMP-GFP) or by deletion of the entire amphipathic helix
(CCT-AM-GFP), resulted in low cytosolic fluorescence under
control conditions and only 10-15% export in the presence
of FOH. CCT-AP-GFP was exported to a greater degree than
the other two deletion mutants but less than CCT-GFP. This
could be related to poor activation of this mutant by FOH
in vitro (Fig. 2C). Collectively, the results indicate that do-
main M is necessary for FOH-mediated membrane translo-
cation of CCTa and subsequent export from the nucleus.
However, export appeared to be negatively regulated by
domain P phosphorylation.

Domain M is necessary and sufficient for nuclear export
of CCT-GFP

To assess whether domain M was both necessary and
sufficient to promote nuclear export, a reporter was con-
structed containing domain M (amino acids 236-310) fused
with two copies of GFP (to prevent passive diffusion through
the NPC) followed by a C-terminal SV40 NLS (M-2GFP-
NLS) (Fig. 6A). CHOb58 cells were transiently transfected
with this construct and treated with FOH, and total cell ly-
sates were subjected to SDS-PAGE and immunoblotting
(Fig. 6B). 2GFP-NLS had the predicted molecular mass of
60 kDa, and a small amount of free GFP (30 kDa) was de-
tected. M-2GFP-NLS had the expected molecular mass of
70 kDa, as well as additional proteins at 60 kDa and 65 kDa.
These two proteins are probably the result of cleavage in
domain M or at the GFP-domain M junction because the
60 kDa protein comigrated with 2GFP-NLS, and M-2GFP-
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Fig. 4. Localization of wild-type and CCT-GFP mutants in FOH-treated CHO58 cells. Vectors encoding CCT-GFP or the indicated mutant

proteins were expressed in CHOB8 cells for 14 h, and shifted to 40°C

for 1 h prior to stimulation with 60 uM FOH. After 45 min, cells were

fixed and GFP and the nucleus (Hoechst staining) were visualized. A: CCT-GFP and nuclear 2GFP-nuclear localization signal (2GFP-NLS)
and cytoplasmic (CCT-A29-GFP)-localized controls. B: Domain M point mutants (CCT-8KQ-GFP, -5KQ-GFP, and -3EQ-GFP). C: Phosphor-
ylation mutants (CCT-16SA-GFP, -16SE-GFP, and -7SA-GFP). D: Domain M and P truncation mutants (CCT-AM-GFP, -AP-GFP, and -AMP-
GFP). E: Total cell lysates prepared from CHOS5S8 cells, transfected and treated with FOH as described above, were resolved by SDS-PAGE

and immunoblotted for GFP and actin.

NLS fluorescence was entirely nuclear, indicating that
the NLS was intact (see Fig. 6C, D). Imaging by confocal
(Fig. 6C) or wide-field (Fig. 6D) microscopy showed that
2GFP-NLS and M-2GFP-NLS were diffusely localized in
the nucleus or concentrated in several intranuclear struc-
tures. FOH treatment for 45 min did not change 2GFP-

NLS localization. However, M-2GFP-NLS was translocated
to the NE, and a majority of cells displayed significant export
to the cytoplasm. Quantitation of fluorescence distribution
(Fig. 6E) revealed that 15% of 2GFP-NLS was cytoplasmic
in CHObB8 cells treated with or without FOH. In contrast,
cytoplasmic M-2GFP-NLS fluorescence was undetected in

Nuclear export of CCTa 971

2102 ‘vT aunr uo “1sanb Aq Bio 1|l mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

Supplemental Material can be found at:
http://www.jlr.org/content/suppl/2008/12/26/M800632-JLR20
0.DC1.html

80

(percent of total)
B D
o o

Cytoplasmic Fluorescence
[
(=

Fig. 5. Quantification of nuclear export reveals a role for domain
M. Vectors encoding wild-type and mutant CCT-GFP were trans-
fected in CHOBS cells for 14 h and imaged following FOH treatment
as described in the legend to Fig. 4. The percent distribution of
GFP fluorescence in the cytoplasm of at least 20 control (grey bars)
and FOH-treated (black bars) cells was quantified for each GFP
fusion protein as described in Materials and Methods. *P < 0.05
compared with FOH treated CCT-GFP; *P < 0.05 compared with
untreated CCT-GFP cells. Results are the mean and SEM of three
separate experiments.

untreated cells and >50% was exported in response to FOH,
a value similar to CCT-GFP. Thus, domain M is sufficient to
promote membrane translocation and export of nuclear-
localized GFP.

Export of proteins from the nucleus requires a large fam-
ily of exportins, of which CRM1 has the broadest substrate
range through recognition of leucine-rich nuclear export
signals (NESs). To determine whether CRM1 was involved
in CCT-GFP export, CHO58 cells transiently expressing
CCT-GFP or M-2GFP-NLS were treated with leptomycin
B, a CRM1 inhibitor (35), prior to activation of export by
FOH. Leptomycin B (10-100 nM) had no effect on nuclear
export, and a leucine-rich export signal (36) was not iden-
tified in domain M, further indicating that CRM1 is not in-
volved (results not shown).

Oleate promotes membrane translocation and nuclear
export of CCT-GFP

Nuclear export of endogenous CCTa and CCT-GFP by
FOH is very rapid and occurs prior to apoptosis (13)
(Fig. 1) and thus could be a general response to physiolog-
ical activators. To test this, CHO5S8 cells transiently express-
ing CCT-GFP and M-2GFP-NLS were treated with oleate, a
well-described CCTa activator that promotes translocation
to the NE and NR (19), and live cells were viewed by fluo-
rescence microscopy (Fig. 7A). Live-cell imaging was nec-
essary because it was difficult to predict when CCT-GFP
export would occur over a 30 min treatment, and export
was transient owing to oleate metabolism at later time
points. As a control, the localization of CCT-AM-GFP, a mu-
tant that did not export in response to FOH (Figs. 4, 5), was
monitored in oleate-treated cells. After exposure of cells to
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300 pM oleate for 5 min and 10 min, CCT-GFP and M-2GFP-
NLS fluorescence was decreased in the nucleus and in-
creased in the cytoplasm of >90% of cells. During treatment
with oleate, CCT-AM-GFP nuclear fluorescence remained
constant, and there was little evidence of cytoplasmic locali-
zation (<10% of cells displayed cytoplasmic fluorescence).

We next determined whether oleate-mediated export of
CCT-GFP was a reversible process. Individual cells that ex-
ported CCT-GFP after exposure to oleate for 5—10 min were
identified and then switched into oleate-free medium con-
taining 0.2% BSA (Fig. 7B). Imaging of these cells revealed
that oleate promoted rapid translocation of CCT-GFP to the
NR and NE, which subsequently diminished in intensity as
cytoplasmic fluorescence increased. The replacement of
oleate-containing media with media containing BSA after
6 min resulted in rapid import of CCT-GFP into the nucleus
and dissociation of CCT-GFP from the NR and NE. After a
9 min washout period, CCT-GFP had assumed a diffuse
nucleoplasmic distribution that was indistinguishable from
untreated cells. A Quicktime movie showing the entire se-
quence of oleate stimulation and removal is shown in sup-
plementary Fig. III.

DISCUSSION

CCTa is effectively separated from the other two enzymes
of the CDP-choline pathway by the NE, a barrier that could
be overcome by enzyme or substrate relocation. Here we
have shown that transfer of CCTa from the nuclear to the
cytoplasmic compartment requires nuclear membrane
translocation and activation, and is mediated by domain
M. This defines a novel, membrane-regulated nuclear ex-
port pathway that links CCTa activation with nuclear export,
a condition that could apply in cells with increased demand
for PtdCho.

Previously reported membrane affinities and in vitro ac-
tivities (Fig. 2C) of CCT with point mutations in domains
M and P were correlated with their cytoplasmic/nuclear
distribution following FOH treatment (Figs. 4, 5). CCT-
5KQ and -8KQ) have reduced membrane affinity and activity
due to disruption of basic residues involved in electrostatic
interaction with anionic phospholipids (20, 33). Partial elim-
ination of basic residues in CCT-5KQ-GFP did not affect ac-
tivation by FOH. However, the more severely attenuated
8KQ mutant was not significantly activated. Both mutants
displayed cytoplasmic export and appeared to be more
prominently localized to the NE (Fig. 4B), suggesting that
in the context of a more complex lipid environment, export
following membrane attachment was impaired. Increased
membrane affinity of CCT-3EQ resulted in variable cyto-
plasmic localization in untreated cells that was further en-
hanced by addition of FOH. The steady-state distribution
of CCT-3EQ in untreated CHO cells could represent a sit-
uation in which the enzyme is not imported into the nucleus
owing to constitutive attachment to the ER or outer NE, or is
actively exported from the nucleus. Regardless, this distribu-
tion of CCT-3EQ supports the conclusion that membrane
binding and activation favor cytoplasmic localization. Do-
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Fig. 6. Domain M is necessary and sufficient for nuclear membrane translocation and export. A: Tandem
repeats of GFP were targeted to the nucleus by attachment of the SV40 NLS (2GFP-NLS). Domain M was
attached to the N terminus to make the M-2GFP-NLS construct. B: Total lysates of CHOBS8 cells transiently
expressing 2GFP-NLS or M-2GFP-NLS for 14 h and treated with or without 60 pM FOH for 45 min were
immunoblotted for GFP and actin. C: Confocal imaging of M-2GFP-NLS in CHO58 cells treated with and
without 60 uM FOH for 45 min. D: Wide-field fluorescence micrographs of M-2GFP-NLS or 2GFP-NLS ex-
posed to 60 uM FOH for 45 min. The nucleus was visualized by Hoechst staining. E: Quantification of the
cytoplasmic distribution of CCT-GFP, 2GFP-NLS, and M-2GFP-NLS fluorescence in control (grey bars) and
FOH-treated (black bars) cells shown in D. Results are the mean and SEM of three separate experiments that

involved analysis of at least 20 cells each.

main P has a subtle, inhibitory role in modifying membrane
interaction that was speculated to involve interaction be-
tween phosphoserines and basic residues in domain M
(11, 37). Consistent with the hyperphosphorylated state hav-
ing reduced affinity for membranes, export of the constitu-
tively phosphorylated mimic CCT-16SE was significantly
reduced by 30%, and dephosphorylated CCT-16SA and
-7SA had export indices that were similar to those of con-
trol. However, all three of these phosphorylation mutants
were activated by FOH in vitro. Deletion of domain P (CCT-
AP-GFP) caused reduced export, which was unexpected be-
cause domain M was available for membrane translocation.

However, this mutant was not activated by FOH in vitro but
retained activation by oleate, suggesting differential sensi-
tivity to charged versus neutral lipid activators.

The results described above for domains M and P point
mutants were rather inconclusive because the enzymes were
activated by FOH under in vitro conditions but had a partial
reduction in nuclear export. However, severely attenuated
nuclear export and insensitivity of CCT-AM-GFP and CCT-
AMP-GFP to FOH in vitro suggested that domain M was
directly involved in export. To further demonstrate that do-
main M was both necessary and sufficient for nuclear mem-
brane translocation and export, it was fused to tandem
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Fig. 7. Oleate promotes domain M-dependent export of CCT-GFP. A: CHOb58 cells expressing CCT-GFP,
CCT-AM-GFP, or M-2GFP-NLS were prepared for live-cell imaging as described in Materials and Methods.
Cells were mounted on a 37°C heated stage and treated with an oleate-BSA complex (300 pM oleate), and
images were captured (750 ms exposures) at the indicated times. B: CHO58 cells expressing CCT-GFP were
treated with oleate (320 pM complexed with BSA) at 40°C, and images were captured (150 ms exposures) at
30 s intervals for 6 min. Cells that displayed significant nuclear export of CCT-GFP were identified, and me-
dium was replaced with prewarmed (40°C) oleate-free F-12 medium containing 0.2% BSA. Images were
captured for a further 9 min. The Quicktime movie from which these images were taken is shown in supple-

mentary Fig. IIL.

repeats of GFP and directed to the nucleus with the SV40
NLS. In the presence of FOH, the localization and export
index for M-2GFP-NLS was similar to that of CCT-GFP, in-
dicating that domain M alone mediates this membrane
translocation-dependent export pathway (Fig. 6E). To
our knowledge, this is the first demonstration of a nuclear
protein export pathway that is triggered by membrane re-
cruitment of an amphitropic protein. The process is all the
more novel because membrane translocation of CCTa also
leads to enzyme activation, indicating that binding of
CCTa to the inner nuclear membrane (INM) couples ex-
port with increased enzyme activity but not necessarily
increased PtdCho synthesis. Identification of a nuclear im-
port pathway for integral membrane proteins provides
some insight into possible modes of CCTa export from
the INM. Nuclear import of integral membrane proteins
involves lateral diffusion along the nuclear pore mem-
brane, eventual localization to the INM, and immobilization
by interaction with the lamina (38, 39). Transfer through
the NPC required karyopherins (40) and ATP (38) and
was restricted to proteins with cytosolic domains <75 kDa
(38). Passage of CCTa through the NPC presumably re-
quires a karyopherin because the soluble portion of a CCTa
dimer would be approximately 60 kDa, above the exclu-
sion limit for passive diffusion of soluble cargo (41) but
below that for integral membrane proteins. However, the
karyopherin is not CRM1, because CCT-GFP export was
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leptomycin B-insensitive and domain M does not contain
an obvious leucine-rich NES. We cannot rule out the pos-
sibility that CCTa export is NPC-independent, involving
direct movement between the inner and outer nuclear
membranes by vesicular trafficking or transient membrane
fusion. It is noteworthy that both of these processes were
ruled out for the nuclear import of integral membrane
proteins (38).

Our conclusion that nuclear export of CCTa is facilitated
by domain M translocation to the INM is consistent with
cytoplasmic localization of the enzyme in cells with in-
creased PtdCho and membrane synthesis. CCTa is partially
or exclusively cytoplasmic in cells actively involved in secre-
tion of PtdCho (24, 25, 42) or proliferation of intracellular
membranes (26). Similarly, the burst of phospholipid degra-
dation during the G¢—G; transition is accompanied by
CCTa activation and nuclear export (27). Based on results
using acute stimulation of CCTa with exogenous activators,
we propose that cells with increased demand for PtdCho
have endogenous lipid activators or altered membrane com-
position that favors sustained CCTa activation at the INM
and subsequent export from the nucleus. Cytoplasmic local-
ization of CCTa would favor enhanced PtdCho production,
perhaps by more-efficient metabolic channeling with cho-
line kinase and choline phosphotransferase.

It is important to note that acute stimulation with oleate
and subsequent domain M-dependent nuclear export was
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not correlated with PtdCho synthesis. PtdCho synthesis in
cells expressing either constitutively nuclear or cytoplasmic
CCT mutants was very similar and increased relative to CCT-
GFP. CCT-AM-GFP was not exported from the nucleus in
response to FOH or oleate, nor was it activated in vitro,
yet it restored PtdCho synthesis in CHO58 cells. Although
this suggests that PtdCho synthesis is not affected by CCTa
localization, it is also possible that the mutations that trap
CCT-GFP in these compartments also affect activity. For in-
stance, deletion of domain M produces a constitutively ac-
tive enzyme that is independent of lipid regulators (43),
and deletion of the NLS (CCT-A29-GFP) would remove a
recently identified lipid binding motif involved in CCT-
dependent cross-bridging of membranes (44). Another con-
founding factor is that export occurs in 10-20 min and is
reversible, whereas PtdCho synthesis was measured over
60 min. Thus, monitoring net PtdCho synthesis may not
be sensitive enough to detect rapid and reversible changes
in CCTa localization.

The identity of the physiological lipid activator(s) that
promote nuclear CCTa activation and export is unknown.
A study that examined production of lipid activators dur-
ing the Go—G; transition in IIC9 cells concluded that DAG
was involved in CCTa activation (45). CCTa activation and
cytoplasmic localization were also accompanied by in-
creased DAG mass and lipinl expression in differentiating
B cells (26). Because lipinl is partially nuclear (46), this
identifies a potential site for activation of CCTa through
localized production of DAG.

These studies identify a nuclear export pathway for
CCTa« that is linked to translocation and activation at nu-
clear membranes. Not only is the domain M amphipathic
helix required for enzyme activation and deformation of
membranes, it now has an important role in altering the
intracellular site of CCTa activity from the nucleus to the
cytoplasm. Because M-2GFP-NLS behaves like the full-length
enzyme, this reporter construct could be potentially useful
in identifying the endogenous lipids involved in CCT ac-
tivation and in reporting their content in membranes of
living cells. il

Robert Zwicker provided excellent technical assistance. Xiaohui
Zha (Ottawa Health Research Institute, Ottawa, ON) assisted
with live-cell imaging.
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