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Differential dephosphorylation of 
CTP:phosphocholine cytidylyltransferase 
upon translocation to nuclear membranes 
and lipid droplets

ABSTRACT  CTP:phosphocholine cytidylyltransferase-alpha (CCTα) and CCTβ catalyze the rate-
limiting step in phosphatidylcholine (PC) biosynthesis. CCTα is activated by association of its α-
helical M-domain with nuclear membranes, which is negatively regulated by phosphorylation of 
the adjacent P-domain. To understand how phosphorylation regulates CCT activity, we devel-
oped phosphosite-specific antibodies for pS319 and pY359+pS362 at the N- and C-termini of the 
P-domain, respectively. Oleate treatment of cultured cells triggered CCTα translocation to the 
nuclear envelope (NE) and nuclear lipid droplets (nLDs) and rapid dephosphorylation of pS319. 
Removal of oleate led to dissociation of CCTα from the NE and increased phosphorylation of 
S319. Choline depletion of cells also caused CCTα translocation to the NE and S319 dephos-
phorylation. In contrast, Y359 and S362 were constitutively phosphorylated during oleate addi-
tion and removal, and CCTα-pY359+pS362 translocated to the NE and nLDs of oleate-treated 
cells. Mutagenesis revealed that phosphorylation of S319 is regulated independently of 
Y359+S362, and that CCTα-S315D+S319D was defective in localization to the NE. We conclude 
that the P-domain undergoes negative charge polarization due to dephosphorylation of S319 
and possibly other proline-directed sites and retention of Y359 and S362 phosphorylation, and 
that dephosphorylation of S319 and S315 is involved in CCTα recruitment to nuclear membranes.

INTRODUCTION
Phosphatidylcholine (PC), the most abundant glycerophospholipid in 
mammalian cells, is synthesized de novo by the CDP-choline (Ken-
nedy) pathway, by successive methylation of phosphatidylethanol-
amine (PE) and by a salvage pathway involving acylation of lyso-PC. 
In most tissues, the CDP-choline pathway is the exclusive source of 
PC, but PE methylation provides a significant contribution to PC syn-
thesis in the liver (Vance and Ridgway, 1988) and for triglyceride stor-
age in adipocytes (Horl et al., 2011). The CDP-choline pathway pro-
ceeds by the initial uptake of choline followed by its ATP-dependent 
phosphorylation by choline kinases. CTP:phosphocholine cytidylyl-
transferase-alpha (CCTα) and CCTβ converts phosphocholine to 
CDP-choline. Choline/ethanolamine phosphotransferases then utilize 
CDP-choline and diacylglycerol (DAG) to form PC in the endoplasmic 
reticulum. In most circumstances, CCT catalyzes the rate-limiting and 
regulated step in PC synthesis (Cornell and Ridgway, 2015).
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PCYT1A and PCYT1B encode homodimeric CCTα and CCTβ 
isoforms, respectively, that are composed of a conserved catalytic 
domain followed by a membrane-binding amphipathic helix termed 
the M-domain and a ∼50 residue C-terminal phosphorylation (P)-
domain (Figure 1A). The isoforms differ in their cellular location; an 
N-terminal nuclear localization signal (NLS) in CCTα directs it to the 
nucleus in most cells (Wang et al., 1995; Aitchison et al., 2015), while 
CCTβ lacks an NLS and is cytoplasmic (Lykidis et al., 1998). The two 
isoforms also slightly differ in the sequence of the P-domain 
(Figure 1A). Both CCTα and β are amphitropic enzymes that are in-
active in their soluble forms but are activated by M-domain–medi-
ated translocation to membranes (Cornell and Ridgway, 2015). In 
vitro, purified CCTα and CCTβ bind selectively to membrane vesi-
cles that are enriched in anionic lipids (e.g., fatty acids and phospha-
tidic acid) or type II nonbilayer lipids (e.g., phosphatidylethanol-
amine and DAG; Cornell, 2016). Extensive structural studies of 
soluble inactive CCTα show that an autoinhibitory helix of the M-
domain docks onto the αE helix positioned near the base of the 
active site and interacts with catalytic residue K122, effectively com-
peting for the substrate CTP (Huang et al., 2013; Lee et al., 2014; 
Ramezanpour et  al., 2018). Membrane binding by the M-domain 
prevents interactions between the autoinhibitory helix and the ac-
tive site, freeing K122 and allowing the remodeling of αE into a 

catalytically favorable conformation. M-domain interaction with PC-
depleted membranes promotes its folding into a >60-residue am-
phipathic α-helix (Dunne et al., 1996; Taneva et al., 2003). M-domain 
folding is promoted by electrostatic and hydrophobic interactions of 
the N-terminal polybasic region and the C-terminal aromatic-en-
riched segments, respectively (Arnold and Cornell, 1996; Johnson 
et  al., 2003; Prevost et  al., 2018). Engagement of CCT with cell 
membranes and its consequent activation thus depends on a lipid 
composition that will effectively stabilize the α-helix conformation of 
the M-domain.

Membrane binding and α-helix stabilization of the CCTα M-do-
main is antagonized by phosphorylation of the P-domain (Chong 
et al., 2014).The CCT P-domain is highly phosphorylated; rat CCTα 
contains 16 phosphoserine residues (MacDonald and Kent, 1994; 
Cornell et al., 1995; Wang and Kent, 1995; Bogan et al., 2005), hu-
man CCTβ2 has 21 potential serine and threonine phosphosites 
(Dennis et  al., 2011), and phosphoproteome analyses of human 
liver have identified additional phosphothreonine and phosphoty-
rosine residues in CCTα and CCTβ (Bian et al., 2014). The P-domain 
of soluble CCTα is highly phosphorylated relative to the active, 
membrane-associated enzyme and some residues are dephosphor-
ylated upon membrane binding (Watkins and Kent, 1991; Wang 
et al., 1993; Houweling et al., 1994). Site-directed mutagenesis of 

FIGURE 1:  Characterization of phosphosite-specific antibodies against P-domain phosphorylation sites in CCTα 
and  CCTβ. (A) Alignment of human and rat CCTα and CCTβ2 sequences showing the location of phosphorylated serine 
(red) and tyrosine (green) residues, and the phosphopeptides (yellow boxes) used to generate antibodies against 
pS315+pS319 and pY359+pS362 phosphosites in human CCTα and CCTβ. Corresponding sequences for rat CCT are 
shown (green boxes). (B, C) Peptides with the amino acid sequences shown were synthesized on cellulose membranes 
using the SPOT-synthesis technique and each macroarray was probed with anti–CCTα/β-pS319 (B) or anti–CCTα-
pY359+pS362 (C) as described in Materials and Methods.
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all 16 serine residues to glutamate in rat CCTα caused partial resis-
tance to membrane translocation in response to oleate, yet this 
phosphomimetic mutant restored PC synthesis and the proliferation 
of CCTα-deficient CHO cells, showing that the inhibitory effect of 
P-domain phosphorylation is prevented by a strong lipid activator 
(Wang and Kent, 1995). In vitro enzymatic analysis of P-domain de-
letion and S315A mutants of CCTα indicated that phosphorylation 
caused negative cooperativity for activation by liposomes contain-
ing oleate and DAG (Yang and Jackowski, 1995). Dephosphoryla-
tion of purified CCTα lowered the anionic lipid requirement for ac-
tivation by lipid vesicles, an effect that was amplified by the addition 
of DAG (Arnold et al., 1997). Collectively, these data indicate that 
dephosphorylation on the P-domain synergizes with alterations in 
the membrane content of lipid activators to amplify CCTα activity. 
The structure of CCTα containing the P-domain has not been 
solved due to its disordered structure, but its proximity to the M-
domain indicates that electrostatic interactions between phosphate 
groups and basic residues in the M-domain could inhibit its inser-
tion into membranes.

The complexity of the P-domain phosphosites has made it difficult 
to identify relevant kinases and phosphatases. Purified CCTα was 
phosphorylated in vitro by glycogen synthase kinase-3 and cyclin-
dependent kinase 1 (CDK1) at unidentified sites, whereas casein ki-
nase 2A (CK2A) phosphorylated S362 (Cornell et al., 1995). A later 
study confirmed that CCTα was phosphorylated in cell extracts by 
CK2A and CDK1 (Wieprecht et al., 1996). CDK1 could be functionally 
relevant because the phosphorylation state of nuclear CCTα in mac-
rophages was regulated during the cell cycle (Jackowski, 1994). In fi-
broblasts, however, the phosphorylation of CCTα through the G1 
phase was not correlated with changes in membrane affinity and en-
zyme activity (Northwood et al., 1999). Recently, mTORC1 was identi-
fied as a positive posttranscriptional regulator of CCTα by a mecha-
nism that does not involve direct phosphorylation (Quinn et al., 2017).

Functional analysis of the CCTα and CCTβ P-domain in cells is 
hampered by the inability to assess phosphorylation of individual 
sites and correlate this with enzyme translocation and activation at 
organelle membranes. To address this, phosphosite-specific anti-
bodies were developed for pS319 and pY359+pS362, which are 
situated at the N- and C-termini of the P-domain, respectively. We 
report here that phosphorylation of the N- and C-termini regions of 
the P-domain differs dramatically upon oleate activation of CCTα in 
cultured cells; pS319 is rapidly dephosphorylated while pY359 and 
pS362 are constitutively phosphorylated and detected on nuclear 
membranes and nuclear lipid droplets (nLDs). However, dephos-
phorylation of sites proximal to the M-domain (S315 and S319) was 
critical for translocation.

RESULTS
Characterization of antibodies against P-domain 
phosphosites in CCTα and CCTβ
The P-domains of human and rat CCTα feature 14–16 serine, threo-
nine, and tyrosine phosphorylation sites identified by tryptic map-
ping (MacDonald and Kent, 1994), analysis of P-domain mutants 
(Cornell et al., 1995; Wang and Kent, 1995), mass spectrometry of 
P-domain fragments (Bogan et  al., 2005), and high-throughput 
phosphoproteome analysis (Figure 1A; Hornbeck et al., 2012; Bian 
et al., 2014). Phosphorylation of the CCTβ P-domain has not been 
studied as extensively, but many of its serine and threonine residues 
are conserved with CCTα and several are known to be phosphory-
lated (Dennis et al., 2011; https://www.phosphosite.org).

To assist in the functional analysis of P-domain phosphorylation 
sites, phosphosite-specific antibodies were generated against two 

peptides patterned after four of the most frequently detected and 
evolutionarily conserved phosphorylated residues in human CCTα 
and CCTβ; S315+S319 and Y359+S362 (Supplemental Figure S1). 
Using the SPOT technique of peptide synthesis on cellulose mem-
branes (Frank, 1992), macroarrays of peptides with systematic sub-
stitutions at the targeted phosphosites were employed to establish 
the specificity of these antibodies. The antibody developed against 
the S315+S319 phosphorylation sites in human CCTβ (Figure 1A) 
primarily reacted with peptides containing phospho-S319 but not 
phospho-S315, very weakly detected peptides containing phos-
phothreonine substitutions, and also immunoreacted with the cor-
responding phosphopeptides from human, rat, and mouse CCTα 
(Figure 1B). Antibodies produced against the pY359+pS362 sites in 
human CCTα (Figure 1A) detected peptides that were singly phos-
phorylated at either position, but did not react with rodent CCTα or 
human CCTβ (Figure 1C), as the epitope is poorly conserved. How-
ever, while substitution of the S362 position with phosphothreonine 
and phosphotyrosine produced strong immunoreactivity, pS362 in 
the absence of pY359 was more weakly detected. In view of the 
exhibited specificities of these antibodies, they are designated anti-
CCTα/β-pS319 and anti-CCTα-pY359+pS362 hereafter.

To validate the specificity of these antibodies toward human and 
rat CCT isoforms, lysates prepared from COS cells transiently ex-
pressing full-length human CCTα, a truncation mutant lacking the 
M- and P-domains (CCTα1-282), and purified CCTα were immuno
blotted (Figure 2A). The CCTα/β-pS319 and CCTα-pY359+pS362 
antibodies detected transiently expressed (lane 3) and purified hu-
man CCTα (lane 4) but not CCTα1-282 (lane 2). Wild-type (WT) rat 
CCTα-V5 transiently expressed in HeLa cells was also detected by 
anti-CCTα/β-pS319, but mutants in which 16 or 7 serine residues 
(S16-A and 7SP-A, respectively) were mutated to alanine were not 
(Figure 2B). Rat CCTα-V5 was not detected by the anti-CCTα-
pY359+pS362 antibody (Figure 2B), consistent with the poor con-
servation of these sites in rat CCTα (Figure 1A). Transiently ex-
pressed human and rat CCTβ-FLAG were both detected in cell 
lysates by anti-CCTα/β-pS319 (Figure 2C). However, the CCTα 
pY359 site is not conserved in human CCTβ (Figure 1A) and was not 
detected with the CCTα-pY359+pS362 antibody (Figure 2C). To as-
sess the specificity of phosphosite antibodies for endogenous CCT 
isoforms, we utilized WT human Caco2 cells and Caco2 cells with 
a CRISPR/Cas9 knockout of PCYT1A (Lee and Ridgway, 2018). 
Compared to WT Caco2 cells, CCTα knockout cells (KO) lacked ex-
pression of a predominant species detected by anti-CCTα/β-pS319 
and a 40 kDa species detected by anti-CCTα-pY359+pS362 was 
also reduced (Supplemental Figure S2A). The residual phosphopro-
teins detected by anti-CCTα/β-pS319 could correspond to CCTβ, 
which is expressed in Caco2 cells (Lee and Ridgway, 2018). How-
ever, the nonspecific protein detected in Caco2–KO cells by anti-
CCTα/β-pY359+pS362 is unlikely to be CCTβ since the antibody 
does not detect this isoform (Figure 2B).

To further establish specificity, we tested the antibodies against 
site-specific mutants of human CCTα expressed in CHO-MT58 cells 
that have an unstable temperature-sensitive allele for CCTα (Esko 
et al., 1981). Compared to WT enzyme, the Y359F mutant showed 
a 50% reduction in anti–CCTα-pY359+pS362 immunoreactivity, 
which was almost abolished in the Y359F+S362A and Y359F+S362D 
double mutants (Figure 2D). As expected, mutating S315 and S319 
to aspartate or alanine abolished immunoreactivity. Collectively, 
these results indicate that the anti-CCTα/β-pS319 antibody reacts 
well with the phospho-S319 site in both rat and human CCTα and 
CCTβ, whereas the anti-CCTα-pY359+pS362 detects both Y359 
and S362 phosphorylation in human CCTα only.
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We investigated the ability of the CCT phosphosite-specific anti-
bodies to detect their targets in mouse tissues (Supplemental Figure 
S3), where the highest levels of CCTα were in liver, lung > heart, 
brain > spleen, thymus > kidney, skeletal muscle. In tissues known to 
have a high percentage of immune cells such as lung, spleen, and 
thymus, as well as in liver, prominent detection of CCTα/β-pS319 
was observed. Consistent with the lack of reactivity with rat CCTα, 
the CCTα-pY359+pS362 antibody exhibited very weak detection in 
the mouse tissues.

Nuclear membrane association of CCTα induced by oleate 
loading is linked to dephosphorylation of S319
We next tested whether the antibodies can detect changes in phos-
phorylation status during CCTα relocation from a soluble to a mem-
brane-bound form in oleate-treated HeLa cells (Pelech et al., 1984; 
Wang et al., 1993). In preliminary experiments, a 20-min treatment 
of HeLa cells with an oleate/ bovine serum albumin (BSA) complex 
caused a marked shift of CCTα and CCTα-pY359+pS362 from the 
soluble to particulate membrane fraction, whereas the 
CCTα/β-pS319 signal was only weakly affected (Supplemental 
Figure S4). Based on confocal immunofluorescence microscopy of 
control and oleate-treated HeLa cells, the shift of CCTα to the par-
ticulate fraction represents translocation from the nucleoplasm to 

the lamin A/C (LMNA/C)-positive nuclear envelope (NE) and nu-
cleoplasmic reticulum (NR) by 15–30 min (Supplemental Figure S5; 
Gehrig et al., 2008). Accordingly, a combination of quantitative im-
munoblotting and fluorescence microscopy was utilized to deter-
mine how oleate affects the temporal and compartmental phos-
phorylation of CCTα. HeLa cells were treated with an oleate/BSA 
complex for up to 60 min and CCTα phosphorylation was detected 
with anti–CCTα/β-pS319 (Figure 3, A and B) and anti–CCTα-
pY359+pS362 (Figure 3, A and C). Translocation to nuclear mem-
branes after oleate treatment for 15 min coincided with a shift in the 
electrophoretic mobility of CCTα to a lower mass species, consis-
tent with dephosphorylation (Figure 3A). Accompanying the shift in 
mass was an 80% reduction in S319 phosphorylation (Figure 3, A 
and B). By contrast, the pY359+pS362 signal was not affected by 
oleate, but a lower mass species appeared at 15 min that had a 
similar mobility to dephosphorylated CCTα (Figure 3, A and C). The 
removal of oleate from the culture medium resulted in rephosphory-
lation as indicated by a shift in CCTα protein to a higher mass spe-
cies and the reappearance of the pS319 signal (Figure 3, D and E). 
Oleate removal caused the lower mass species pY359/pS362 to 
shift to the higher mass form that was evident in untreated cells 
(Figure 3D) but the total pY359/pS362 signal was not affected 
(Figure 3F).

FIGURE 2:  Reactivity of phosphosite-specific antibodies against human and rat CCTα and CCTβ. (A) Lysates prepared 
from COS cells transiently expressing empty vector (lane 1, 20 μl), hCCTα 1–283 (lane 2, 4 μl), wild-type hCCTα (lane 3, 
1 μl), and purified human CCTα (lane 4, 200 ng) were immunoblotted with anti-CCTα, anti–CCTα/β-pS319, anti–CCTα-
pY359+pS362, and anti-tubulin antibodies. Differences in expression of hCCTα and hCCTα 1–283 necessitated the 
loading of different lysate volumes to achieve approximately equal amounts of CCT. (B) HeLa cells transiently expressing 
V5-tagged rat CCTα, CCTα-16S-A (16 serine residues mutated to alanine), CCTα-7SP-A (seven proline-directed sites 
mutated to alanine), and CCTα-1-314 (P- and M-domain deleted) were immunoblotted with V5, CCTα/β-pS319, 
CCTα-pY359+pS362, and actin antibodies. (C) Lysates prepared from CHO-MT58 cells transiently expressing empty 
vector (EV), human CCTβ-Flag, or rat CCTβ-Flag were immunoblotted with Flag and phosphosite antibodies. (D) Lysates 
prepared from MT58 CHO cells transiently expressing plasmids encoding untagged human CCTα and the indicated 
phosphosite mutants were immunoblotted with CCTα and phosphosite antibodies. Immunoblots are representative of 
results from two to four experiments.
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Immunofluorescence microscopy analysis of untreated HeLa 
cells showed that the CCTα/β-pS319 signal was confined to the nu-
cleoplasm (Figure 4A). Treatment of HeLa cells with oleate for 
30 min caused translocation of CCTα to the NE and NR (Figure 4B). 
In contrast, CCTα phosphorylated on S319 was not detected on 
nuclear membranes and, consistent with the immunoblotting results 
(Figure 3), the fluorescence signal in the nucleoplasm was reduced 
(Figure 4B). The removal of oleate from HeLa cells resulted in dis-
sociation of CCTα from nuclear membranes after 15 min and the 
appearance of diffuse nucleoplasmic fluorescence (Figure 4C). Co-
incident with the dissociation of CCTα from nuclear membranes, the 
immunofluorescence signal for pS319 increased in the nucleoplasm 
(Figure 4C).

To determine whether the observed changes in CCTα phospho-
sites in oleate-treated HeLa cells was a general phenomenon, CCTα 
phosphorylation was monitored in nontransformed human skin fi-
broblasts that were subjected to oleate treatment and removal. 
Confocal immunofluorescence microscopy revealed that CCTα in 
fibroblasts also translocated to LMNA/C-positive NE and NR after 
exposure to oleate for 15–30 min (Supplemental Figure S6). Similar 
to HeLa cells, treatment of fibroblasts with oleate for 15 min shifted 
CCTα to a lower mass form and S319 phosphorylation was reduced 
by 90% (Supplemental Figure S7, A and B). A lower mass pY359/

pS362 species also appeared that mirrored CCTα protein, but the 
pY359/pS362 signal relative to total CCTα protein was unchanged 
(Supplemental Figure S7, A and C). These effects were completely 
reversed when oleate was removed from cells for 30–60 min (Sup-
plemental Figure S7, D–F). As well, a lack of membrane localization 
and reduced nucleoplasmic staining was observed using anti–
CCTα/β-pS319 in oleate-treated fibroblasts (Supplemental Figure 
S7G). Oleate removal from fibroblasts also caused CCTα to dissoci-
ate from nuclear membranes coincident with a weak increase in 
pS319 reactivity in the nucleoplasm (Supplemental Figure S7H). 
Collectively, these data show that S319 is subject to rapid and re-
versible dephosphorylation in response to oleate-induced translo-
cation of CCTα  to the NE and NR. Similarly, oleate treatment of 
CHO-MT58 cells also caused the progressive dephosphorylation of 
S319 on transiently expressed cytosolic Flag-tagged human CCTβ 
(Supplemental Figure S8).

We next introduced alanine, aspartate, or phenylalanine substitu-
tions at the proximal (S315 and S319) or distal (Y359 and S362) sites 
to determine whether phosphorylation status affected nuclear mem-
brane localization. Transiently expressed WT CCTα and the indicated 
phosphomutants were localized to the nucleoplasm in untreated 
CHO-MT58 cells (Figure 5A). A qualitative assessment of CCTα local-
ization in oleate-treated cells indicated strong translocation of the 

FIGURE 3:  Oleate treatment of HeLa cells induces reversible dephosphorylation of CCTα S319, but not Y359 or S362. 
(A–C) HeLa cells were incubated with serum-free DMEM containing 500 µM oleate/BSA for the indicated times. Total 
cell lysates were immunoblotted with CCTα/β-pS319, CCTα-pY359+pS362, CCTα, or actin antibodies. Phosphorylation 
of S319 (B) and Y359+S362 (C) was quantified relative to total CCTα protein bands. (D–F) HeLa cells were incubated 
with 300 µM oleate/BSA in serum-free DMEM for 30 min before replacing with serum-free DMEM for the indicated 
times. Total cell lysates were immunoblotted as described in panel A, and phosphorylation of S319 (E) and Y359+S362 
(F) was quantified. Results are the mean and SEM of three experiments. Statistical comparisons were made with 0-h 
controls.
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FIGURE 4:  CCTα that is translocated to nuclear membranes is reversibly dephosphorylated at S319. (A) HeLa cells were 
coimmunostained with primary antibodies against CCTα/β-pS319 and LMNA/C, followed by Alexa Fluor–488 and −594 
secondary antibodies, respectively. (B) HeLa cells were cultured in serum-free DMEM in the absence (no addition, NA) 
and presence of 500 µM oleate/BSA for 30 min. Cells were immunostained with primary antibodies against CCTα or 
anti–CCTα/β-pS319 followed by an Alexa Fluor–488 secondary antibody. (C) HeLa cells were cultured in serum-free 
DMEM with 300 µM oleate/BSA for 30 min. Oleate-containing media was then replaced with serum-free DMEM and 
cells were incubated for the indicated times before immunostaining with primary antibodies for CCTα and CCTα/β-
pS319 and an Alexa Fluor–488 secondary antibody. All images are 0.8 μm confocal sections. Bar, 10 μm.

WT enzyme as well as CCTα-S315A+S319A, CCTα-S362A, CCTα-
S362D, and CCTα-Y362F to the NE and NR. However, CCTα-
S315D+S319D displayed partial translocation from the nucleoplasm 
to nuclear membranes. Immunoblotting with a CCTα antibody 
showed that oleate treatment caused WT CCTα and the phospho-
mutants to shift to lower molecular mass dephosphorylated species 
(Figure 5B). Similar to WT, the CCTα/β-pS319 antibody reacted 
with CCTα-S362A, CCTα-S362D, and CCTα-Y359F and the signal 

was lost upon oleate treatment. In untreated cells, the CCTα-
pY359+pS362 antibody detected CCTα with single mutations at 
those sites as well as CCTα-S315A+S319A and CCTα-S315D+S319D 
(Figure 5B). Oleate treatment caused the pY359+pS362 signal for 
WT and CCTα phosphomutants to decrease in mass. These results 
reveal that dephosphorylation of S315 and S319 is important for nu-
clear membrane association of CCTα, and that phosphorylation of 
the S319 and Y359+S362 sites is independently regulated.
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CCTα nuclear membrane localization induced by choline 
deficiency is linked to S319 dephosphorylation
To assess whether the site-selective dephosphorylation of CCTα is 
specific to oleate treatment or rather reflects membrane transloca-
tion per se, we explored the relationship using a different mem-
brane translocation induction model. Choline starvation of cultured 
cells caused an approximately two-fold decrease in the PC/PE ratio 
that triggered CCTα membrane translocation (Sleight and Kent, 
1983; Jamil et al., 1990; Yao et al., 1990; Weinhold et al.,1994). We 
utilized nonmalignant rat intestinal epithelial cells (IEC-18) and two 
H-Ras–transformed IEC-18 clones (IEC-ras33 and IEC-ras34), highly 
proliferative cells in which CCTα expression is induced (Arsenault 
et al., 2013), to explore the relationship between S319 phosphory-
lation and nuclear membrane translocation of CCTα. Choline de-
privation of IEC-ras33 and IEC-ras34 for 24  h caused a shift in 

CCTα to a lower mass species and reduced anti–CCTα/β-pS319 
reactivity, indicative of enzyme dephosphorylation (Figure 6, A and 
B). CCTα/β-pS319 dephosphorylation in IEC-18 was not signifi-
cant. There was also a significant decrease in pS319 phosphoryla-
tion in IEC-ras34 cells that were cultured in Hank’s buffered salt 
solution (HBSS) compared with HBSS plus choline or whole me-
dium (Figure 6, C and D). Confocal microscopy showed that CCTα 
was localized to the nucleoplasm in IEC-ras34 cultured in HBSS 
plus choline but strongly localized to the NE under choline-free 
conditions (Figure 6E). In contrast, the nucleoplasmic signal for 
CCTα-S319 in IEC-ras34 cultured in HBSS plus choline was dimin-
ished when cells were cultured in choline-free conditions (Figure 
6E). Thus, like the oleate-induced effects, nuclear membrane trans-
location of CCTα caused by choline deficiency leads to dephos-
phorylation of S319.

FIGURE 5:  CCTα−S315D+S319D is partially defective in localization to nuclear membranes. (A) CHO-MT58 cells 
transiently expressing wild-type CCTα and the indicated CCTα phosphomutants were cultured at 40°C and treated with 
300 µM oleate/BSA for 60 min, fixed, and immunostained with CCTα and LMNA/C primary antibodies followed by 
AlexaFluor–488 and –594 secondary antibodies, respectively. All images are 0.8-μm confocal sections; bar, 10 μm. 
(B) Lysates prepared from CHO-MT58 treated as described in A were immunoblotted with CCTα, CCTα/β-pS319, 
CCTα-pY359+pS362, and actin antibodies. Confocal images and immunoblot are representative of three experiments.
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Detection of CCTα-pY359/pS362 on nuclear membranes 
and lipid droplets
In contrast to S319, phosphorylation of Y359 and S362 was unaf-
fected by oleate addition or removal (Figure 3 and Supplemental 
Figure S7). Using immunofluorescence microscopy, it was evident 
that both CCTα  protein (Figure 7A) and the CCTα-pY359+S362 
phosphosite signal (Figure 7B) were confined to the nucleoplasm of 
untreated HeLa cells, and that both signals relocated to the NE and 
NR after exposure to oleate indicating that Y359 and S362 remain 
phosphorylated following translocation to membranes. CCTα also 
translocates to nLDs following long-term exposure of hepatoma 

cells to oleate (Ohsaki et al., 2016; Soltysik et al., 2019). To investi-
gate whether CCTα that was phosphorylated at the S319 and 
Y359+S362 sites was present on nLDs, we utilized oleate-treated 
U2OS cells that form abundant nDs. As expected, endogenous 
CCTα in U2OS cells colocalized with the promyelocytic leukemia 
(PML) protein on the surface of numerous nLDs that were visualized 
with the lipophilic dye BODIPY493/503 (Figure 7C). CCTα and PML 
were not present on cytoplasmic LDs. Immunostaining of U2OS cells 
with anti–CCTα-pY359+pS362 showed a diffuse nucleoplasmic sig-
nal in untreated cells (Figure 7D). Oleate treatment for 24 h caused 
the appearance of numerous CCTα-pY359+pS36 puncta that 

FIGURE 6:  Choline depletion induces dephosphorylation of CCTα S319 in rat intestinal epithelial cells. (A) IEC-18, 
IEC-ras33, and IEC-ras34 were cultured in choline-free DMEM with 5% dialyzed FBS for up to 24 h. Whole-cell lysates 
were immunoblotted with the primary antibodies against CCTα, CCTα/β-p-S319, and actin. (B) Phosphorylation of S319 
was quantified relative to CCTα protein and expressed relative to cells that were not choline depleted (0 h). Results are 
the mean and SEM of three experiments and statistical comparison was with nondepleted controls (0 h). (C) IEC-ras34 
cells were cultured in IEC-MEM (NA, no addition), HBSS with 50 µM choline, or HBSS for 6 h. Whole-cell lysates were 
resolved by SDS–PAGE and immunoblotted with CCTα, CCTα/β-p-S319, and actin antibodies. (D) Phosphorylation of 
S319 was normalized to CCTα protein and expressed relative to control (NA). Results are the mean and SEM of five 
experiments. (E) IEC-ras34 cultured in HBSS without or with choline for 6 h were immunostained with CCTα or CCTα/β-
pS319 primary antibodies followed by an Alexa Fluor–488 secondary antibody. Confocal images are shown (0.8-μm 
sections); bar, 10 μm.
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colocalized with BODIPY-positive nLDs (Figure 7D). Higher magnifi-
cation images of oleate-treated U2OS cells and cross-sectional anal-
ysis of nLDs using RGB line plots revealed that anti–CCTα-
pY359+pS362 immunostained the surface of most but not all nLDs 
(Figure 7E). Immunostaining of nLD by anti–CCTα-pY359+pS362 
was specific because the signal on nLD and in the nucleoplasm was 
absent in Caco2 CCTα−KO cells compared with controls (Supple-
mental Figure S2B). By contrast, the nucleoplasmic signal for pS319 
decreased in oleate-treated U2OS cells and there was no evidence 
of reactivity with nLDs (Supplemental Figure S9). These results fur-
ther exemplify the contrasting behaviors of the S319 and Y359/S362 
phosphosites following CCTα translocation to the surface of nLDs.

DISCUSSION
Physical properties of PC-deficient membranes, such as increased 
charge and hydrophobic packing voids, drive the attraction and 
folding of the CCT amphipathic helical M-domain (Cornell, 2016). In 
many cell types and under different stimuli, the translocation of 
CCTα from a soluble compartment (e.g., the nucleoplasm) to mem-
branes was associated with dephosphorylation. The phosphoryla-
tion sites that are affected by membrane association are restricted 
to the P-domain and, due to their proximity to the M-domain, could 
affect CCTα and β membrane association and activity. However, de-
termining the functionality of the P-domain has been problematic 
owing to the number and diversity of phosphosites.

FIGURE 7:  CCTα phosphorylated at Y359 and S362 localizes to nuclear membranes and nuclear lipid droplets in 
oleate-treated cells. (A, B) HeLa cells were cultured in serum-free DMEM in the absence (NA, no addition) and presence 
of 300 μM oleate/BSA for 30 min. Cells were immunostained with CCTα (A) or CCTα-pY359+pS362 (B) primary 
antibodies and an Alexa Fluor–488 secondary antibody in combination with primary LMNA/C and an Alexa Fluor–594 
secondary antibodies. (C) U2OS cells treated with 300 µM oleate/BSA for 24 h were probed with primary antibodies to 
detect CCT and promyelocytic leukemia (PML) nuclear bodies, followed by Alexa Fluor–637 and Alexa Fluor–488 
secondary antibodies. BODIPY493/503 was used to visualize nLDs. (D) U2OS cells cultured without (NA) or with oleate 
for 24 h were incubated with anti–CCTα-pY359+pS362 (with Alexa Fluor–594 secondary antibody) and BODIPY493/503. 
Arrows indicate the position of nuclear LDs positive for CCTα-pY359+pS362. (E) Enlarged nucleus from the panel E data 
set with arrows indicating the region selected for a RGB line plot showing colocalization of CCTα-pY359+pS362 and 
BODIPY-positive nLDs. All images are 0.8-μm confocal sections; bar, 10 μm.
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In this study, we have developed antibodies to track the phos-
phorylation status of sites proximal (pS319) and distal (pY359 and 
pS362) to the M-domain in several cell types upon CCTα membrane 
translocation induced by oleate, which creates both increased nega-
tive charge and surface packing strain due to its small headgroup. 
Oleate supplementation also promotes the formation of cytoplasmic 
and nuclear LDs, which are covered with a phospholipid monolayer 
and are sites for CCT binding via the M-domain (Krahmer et al., 2011; 
Prevost et al., 2018). Our new data showed that M-domain proximal 
proline-directed S319 is dephosphorylated upon CCTα membrane 
translocation to the NE, NR, and nLDs, but the distal C-terminal sites 
remain phosphorylated. Because the pY359+pS362 antibody de-
tects total phosphorylation of both sites, we cannot be certain that its 
reactivity reflects preservation of singly or doubly phosphorylated 
sites. The preferential dephosphorylation of M-domain proximal 
S319 and likely S315 enhances membrane association, while the 
C-terminus has constitutive negative charge that is compatible with 
the function of both the soluble and membrane-bound forms.

CCTα and CCTβ contain 7 and 8 serine–proline (S–P) sites, re-
spectively, clustered toward the C-terminus of the P-domain (Figure 
1A). Dephosphorylation of S319 occurred in the nucleoplasm or 
very rapidly following translocation CCTα to nuclear membranes as 
a result of decreased kinase and/or increased phosphatase activities 
and thus was not detected on the NE or NR. Similarly, phosphoryla-
tion of S319 could occur during or after localization to the nucleo-
plasm as CCTα becomes a more favorable substrate for kinases. 
Kinase and phosphatase activity toward CCTα could be driven by 
compartmentalization. In addition, the lipids that promote the 
membrane translocation of CCTα could also be direct activators 
and inhibitors of nuclear phosphatase and kinase activities, respec-
tively. A potential caveat when interpreting experiments with the 
CCTα/β-pS319 antibody is that it also detects phosphorylated 
CCTβ. Because the antibody detected CCTα S319 phosphorylation 
in the nucleus of HeLa cells and fibroblasts and CCTβ is a cytoplas-
mic enzyme, we conclude that cross-reactivity of the CCTα/β-pS319 
antibody is not a concern.

Our results support the hypothesis that phosphorylation of sites 
proximal to the M-domain modulate the strength of membrane 
binding due to electrostatic repulsion (Arnold et al., 1997; Chong 
et al., 2014). Chong et al. (2014) showed that the negative charge on 
the CCTα P-domain antagonizes the electrostatic attraction of the 
positively charged M-domain for anionic vesicles, making the bind-
ing more reliant on hydrophobic packing gaps in the membrane in-
duced by increased curvature. In that study, all 16 serine residues 
were either unphosphorylated or changed to glutamate residues to 
produce a phosphomimetic. Negative charge nearer the M-domain 
(i.e., pS315 and pS319) has a larger impact on membrane affinity of 
the M-domain because recombinant CCTα S315A had an increased 
affinity for lipid vesicles (Yang and Jackowski, 1995). Our mutagen-
esis analysis of S315 and S319 indicates that phosphorylation or 
phosphomimicry of these sites negatively regulates CCTα transloca-
tion to nuclear membranes in CHO-MT58 cells treated with oleate. 
Because CCTα-S315D+S319D was partially localized to the NE and 
NR, other S–P sites must also be dephosphorylated upon mem-
brane binding to fully eliminate the electrostatic repulsion. Although 
P-domains of many metazoans contain an abundance of S–P sites, in 
plants, protists, and fungi these sites are often replaced with D/E-
rich motifs, indicating that the negative charge on the P-domain is 
the key feature linked to phosphorylation.

The C-terminal phosphosite in human CCTα, but not rodent 
CCTα or CCTβ isoforms, was detected with the CCTα-pY359+pS362 
antibody. The very C-terminus of CCTα has a cluster of six aspartate 

and glutamate residues in addition to phospho-Y359 and -S362, 
which imparts a constitutive negative charge, not unlike D/E-rich 
motifs in other metazoans. This contrasts the remainder of the P-
domain in which the negative charge density is regulated by revers-
ible phosphorylation. Phosphomutants of Y359 and S362 did not 
affect membrane translocation nor did they affect S319 phosphory-
lation, which supports an independent function for the terminal 
acidic region. This could involve electrostatic interactions with the 
M-domain in the CCT soluble form or with other proteins.

CCTα interaction with nLDs was also linked to dephosphoryla-
tion of S319 and phosphorylation of Y359/S362. Like their cytoplas-
mic counterparts, nLDs have a neutral lipid core and surface phos-
pholipids, and dynamically expand and contract depending on fatty 
acid availability (Layerenza et al., 2013; Lagrutta et al., 2017). In he-
patocytes, nLDs arise from lipid droplet precursors of lipoproteins in 
the ER lumen that are released into the nucleoplasm (Soltysik et al., 
2019) and assembled on the inner NE by a poorly understood 
mechanism that involves PML-II (Ohsaki et al., 2016). CCTα associa-
tion with the surface of nLDs could be part of a feedback mecha-
nism that increases CDP-choline and cytoplasmic PC synthesis to 
relieve ER stress and increase cytoplasmic triacylglycerol storage 
(Soltysik et al., 2019). In silico and in vitro studies have indicated that 
docking and folding of the CCTα M-domain on LD monolayers is 
primarily driven by the interaction of bulky hydrophobic residues 
with surface packing defects (Prevost et al., 2018). Other amphipa-
thic helix interactions with LDs in cells, for example, Pln4, rely on 
both electrostatics and hydrophobicity (Copic et al., 2018). Dephos-
phorylation of S319 accompanied CCTα association with nLDs so 
electrostatic attractions may also contribute. Dephosphorylation of 
the P-domain may increase the affinity and competitiveness of 
CCTα for binding to nLD (Kory et al., 2016). For example, changes 
in CCTα phosphorylation may affect its ability to compete with per-
ilipin 3 for binding to nLDs and control the rate of PC synthesis 
(Soltysik et al., 2019).

This study is the first to uncover striking differences in the phos-
phorylation status of P-domain residues in response to CCTα activa-
tion. S319 is one of seven proline-directed kinase sites in human 
CCTα that could undergo coordinated phosphorylation to nega-
tively regulate M-domain association with nuclear membranes and 
nLDs (Figure 8). In this model, electrostatic interactions between 
basic residues in the disordered M-domain and phosphate groups 
in the P-domain would stabilize the soluble form of CCT by damp-
ening the electrostatic attraction of the M-domain for the mem-
brane surface. Numerous and variable weak polar interactions can 
integrate to create tight-binding interactions (Borgia et al., 2018). 
The potential for this mode of contact between the M- and P-do-
mains implies that the overall negative charge density of domain P 
is the important regulatory variable. Dephosphorylation of S–P sites, 
notably S315 and S319, would disrupt inhibitory contacts with the 
M-domain that in combination with an attractive signal from the 
membrane surface (e.g., PC depletion) would drive strong mem-
brane partitioning. The data thus far indicate that the constitutive 
phosphosites distal to the M-domain do not take part in shifting the 
membrane-binding equilibrium. However, their negative charge 
might prime P-domain phosphorylation and membrane disengage-
ment of CCT when PC content is reestablished.

MATERIALS AND METHODS
Antibodies
Rabbit polyclonal antibodies were raised against synthetic phos-
phopeptides patterned after human CCTα and CCTβ phosphosites 
(Figure 1A) and affinity-purified (PCYT1B-pS315+pS319 [AB-PN546] 
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and PCYT1A-pY359+pS362 [AB-PN548]; Kinexus, Vancouver, BC). 
The immunizing phosphopeptides were produced by solid-phase 
synthesis on a Multipep peptide synthesizer and purified by reverse-
phase high-pressure liquid chromatography (HPLC). Purity was as-
sessed by analytical HPLC and the amino acid identity confirmed by 
mass spectrometry analysis. Each phosphopeptide was coupled to 
KLH and subcutaneously injected into New Zealand White rabbits 
every 4 wk for 4 mo. The sera from these animals were applied onto 
agarose columns to which each immunogen phosphopeptide was 
separately thio-linked. Antibodies were eluted from the columns 
with 0.1 M glycine (pH 2.5) and immediately neutralized to pH 7.0 
with saturated Tris base.

The rabbit CCTα polyclonal antibody raised against a peptide in 
the P-domain (PSPSFRWPFSGKTSP) was previously described (Mor-
ton et  al., 2013). The phosphosite-specific extracellular-regulated 
kinase 2 (ERK2)-pT185+pY187 antibody was from Kinexus (Vancou-
ver, BC). Flag monoclonal (M2) and β actin monoclonal (AC-15) an-
tibodies were sourced from Sigma-Aldrich (Oakville, ON). LMNA/C 
monoclonal antibody (4C11) was from Cell Signaling Technology 
(Danvers, MA). The tubulin monoclonal antibody was from Applied 

Biological Materials (Richmond, BC, Canada). Alexa Fluor–488 goat 
anti-rabbit and Alexa Fluor–594 goat anti-mouse secondary anti-
bodies were bought from ThermoFisher Scientific (Waltham, MA). 
IRDye 800CW goat anti-rabbit and IRDye 680LT goat anti-mouse 
secondary antibodies, and Odyssey Blocking Buffer were purchased 
from LI-COR (Lincoln, NE). Donkey horseradish peroxidase–coupled 
anti-rabbit secondary antibody was obtained from Jackson Immu-
noResearch (West Grove, PA).

SPOT peptide macroarrays
Peptide macroarrays were manufactured directly on cellulose mem-
branes by SPOT synthesis as described by Hilpert et al. (2007). The 
estimated amount of peptide per spot was 10 µg and each peptide 
was synthesized in duplicate. Following blocking with 5% (wt/vol) 
sucrose, 4% (wt/vol) BSA in 50 mM Tris base, pH 8.0, 27 mM KCl, 
136 mM NaCl, 0.05% Tween 20), SPOT macroarrays were probed 
with 0.5 μg/ml of a primary polyclonal rabbit antibody in blocking 
buffer overnight at 4°C, and subsequently incubated for 30 min at 
room temperature with 20 ng/ml horseradish peroxidase–coupled 
anti-rabbit secondary antibody in blocking buffer. Detection was 
carried out by enhanced chemiluminescence after initial incubation 
for 10 s with scanning every 15 s on a Fluor-S Max Multi-Imager (Bio-
Rad, Hercules, CA).

Plasmids
pCMV-hCCTα was prepared by digesting pAX-CCTα with Mlu1 and 
BamH1 and subcloning into pCMV3. Construction of the rat CCTα 
expression vector pcDNA-rCCTα-V5 was previously described 
(Lagace and Ridgway, 2005). pCMV-rCCTβ-Flag (NM173151, rat 
CCTβ2 isoform; Jackowski et  al., 2004) and pCMV-hCCTβ-Flag 
(NM004845, human CCTβ2 isoform; Lykidis et al., 1999) were pur-
chased from Origene (Rockville, MD). Site-directed mutagenesis of 
S315, S319, Y359, and S362 in pCMV-hCCTα used PCR extension 
of overlapping primers and Dpn1 digestion. Mutations were con-
firmed by sequencing.

Cell culture and transfections
Human skin fibroblasts, HeLa, U2OS, and Caco2 and Caco2-CCTα 
KO (Lee and Ridgway, 2018) cells were cultured in DMEM contain-
ing 10% fetal bovine serum (FBS) at 37°C in a 5% CO2 atmosphere. 
IEC-18, IEC-ras33, and IEC-ras34 were cultured in α-MEM contain-
ing 5% FBS, glucose (3.6 g/l), insulin (12.7 μg/ml), and glutamine 
(2.9 mg/ml). CHO-MT58 cells were cultured at 33°C in DMEM con-
taining 5% fetal calf serum and proline (34 μg/ml). For transfections, 
cells were transfected with plasmids at a 2:1 (vol/wt) ratio of Lipo-
fectamine 2000 to DNA according to the manufacturer’s instructions 
(ThermoFisher Scientific). The media on transfected cells was re-
placed after 24 h.

A stock solution of oleate/BSA (6.6:1, mol:mol, 10 mM oleate) 
was prepared as previously described and stored at −20°C 
(Goldstein et al., 1983). Cultured cells were treated with 300 µM or 
500 µM oleate/BSA in serum-free DMEM as described in the figure 
legends. For the choline depletion and supplementation studies, 
IEC and IEC-ras were cultured in choline-replete DMEM with 5% 
FBS (control) for 24 h or choline-free DMEM with 5% dialyzed FBS 
for 6–24 h, or cultured in HBSS with or without 50 µM choline for 6 h.

Immunoblotting
Following treatments, cells were rinsed once with cold phosphate-
buffered saline (PBS) and lysed on the dish in 1X SDS–PAGE sample 
buffer (62.5 mM Tris-HCl, pH 6.8, 10% glycerol, 2% SDS, 0.05% 
bromophenol blue, and 5% β-mercaptoethanol). Lysates were 

FIGURE 8:  Model for phosphoregulation of CCTα. CCTα is inhibited 
by the autoinhibitory helix (yellow) near the end of the M-domain, 
which interacts with the αE helix (blue) to block substrate access to 
the active site. Electrostatic interactions between basic residues in the 
disordered M-domain and phosphate groups in the P-domain (red) 
would prevent helical folding of the M-domain. Membranes depleted 
in PC or enriched in anionic lipids would promote M-domain helical 
folding, which is enhanced by loss of electrostatic interactions due to 
dephosphorylation of P-domain S–P sites; notably, S315 and S319.
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sonicated for 5–7 s, heated to 90°C for 3 min, resolved by SDS–
PAGE, and transferred to a nitrocellulose membrane. The mem-
branes were incubated in blocking buffer (1:5 dilution of Licor Odys-
sey blocking buffer in is Tris-buffered saline-Tween [TBS-Tween; 
20 mM Tris base, pH 7.4, 500 mM NaCl, 0.05% Tween 20]) contain-
ing primary CCTα (1:500), CCTα-pY359+pS362 (1 µg/ml), or CCTβ-
pS315+pS319 (1 µg/ml) antibodies and the actin monoclonal fol-
lowed by IRDye 800CW and 680LT secondary antibodies. Filters 
were scanned using a Licor Odyssey imaging system and quantified 
using associated software (v3.0).

Mouse tissue lysates were produced by direct sonication of har-
vested organs in 1X SDS–PAGE sample buffer, resolved by SDS–
PAGE, and immunoblotted with phosphosite-specific antibodies 
(2 µg/ml) in blocking buffer (2.5% BSA in TBS-Tween) overnight at 
4°C. Proteins were detected with a horseradish peroxidase–coupled 
anti-rabbit secondary antibody using the ECL method.

Lysates from COS-1 cells expressing WT and mutant human CCT 
were prepared and WT human CCTα was purified as described 
(Cornell et  al., 2019). Volumes were loaded that would provide 
equivalent amounts of CCTα. After transfer and blocking, the PVDF 
filters were incubated with the anti-phosphosite antibodies or with 
an antibody against residues 256–288 of the M-domain (Johnson 
et al., 1997).

Immunofluorescence microscopy
Cells cultured on 1-mm glass coverslips were fixed with 4% (wt/vol) 
paraformaldehyde in PBS for 15 min and permeabilized with 0.05% 
Triton X-100 in PBS at 4°C for 15 min. Coverslips were blocked over-
night at 4°C in PBS containing 1% (wt/vol) BSA (PBS/BSA). CCTα 
(1:1000 dilution), CCTα-pS315+pS319 (1–2  µg/ml), CCTα-
pY359+pS362 (1 µg/ml), and LMNA/C (1:250–1:500 dilution) anti-
bodies in PBS/BSA were incubated with coverslips on parafilm in a 
humidity chamber for 4 h at room temperature or overnight at 4°C. 
After incubation with Alexa Fluor–conjugated secondary antibodies, 
coverslips were mounted on glass slides using Mowiol (Sigma-Al-
drich) and cells were imaged using a Zeiss LSM 510 Meta laser scan-
ning confocal microscope equipped with a 100× Plan APOCHRO-
MAT 100×/1.40 numerical aperture oil immersion objective and 
argon 488/HeNe 548 lasers. The confocal images shown in figures 
were representative of results from three or four independent 
experiments.

Statistical analysis
Statistical significance of data was determined from three or more 
independent experiments using a two-tailed Student’s t test analysis 
(GraphPad Prism 6.0). Error bars represent the SE of the mean (SEM) 
and significance is reported for p < 0.05 (*), 0.01 (**), 0.001 (***), and 
0.001 (****).
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