
CTP:Phosphocholine Cytidylyltransferase Binds Anionic Phospholipid Vesicles in a
Cross-Bridging Mode†

Svetla G. Taneva,‡,§ Philipus J. Patty,§,| Barbara J. Frisken,| and Rosemary B. Cornell*,‡,⊥

Department of Molecular Biology and Biochemistry, Department of Physics, and Department of Chemistry,
Simon Fraser UniVersity, Burnaby, BC, Canada V5A 1S6

ReceiVed April 13, 2005; ReVised Manuscript ReceiVed May 11, 2005

ABSTRACT: CTP:phosphocholine cytidylyltransferase (CCT) catalyzes the rate-limiting step in phosphati-
dylcholine (PC) synthesis, and its activity is regulated by reversible association with membranes, mediated
by an amphipathic helical domain M. Here we describe a new feature of the CCTR isoform, vesicle
tethering. We show, using dynamic light scattering and transmission electron microscopy, that dimers of
CCTR can cross-bridge separate vesicles to promote vesicle aggregation. The vesicles contained either
class I activators (anionic phospholipids) or the less potent class II activators, which favor nonlamellar
phase formation. CCT increased the apparent hydrodynamic radius and polydispersity of anionic
phospholipid vesicles even at low CCT concentrations corresponding to only one or two dimers per vesicle.
Electron micrographs of negatively stained phosphatidylglycerol (PG) vesicles confirmed CCT-mediated
vesicle aggregation. CCT conjugated to colloidal gold accumulated on the vesicle surfaces and in areas
of vesicle-vesicle contact. PG vesicle aggregation required both the membrane-binding domain and the
intact CCT dimer, suggesting binding of CCT to apposed membranes via the two M domains situated on
opposite sides of the dimerization domain. In contrast to the effects on anionic phospholipid vesicles,
CCT did not induce aggregation of PC vesicles containing the class II lipids, oleic acid, diacylglycerol,
or phosphatidylethanolamine. The different behavior of the two lipid classes reflected differences in
measured binding affinity, with only strongly binding phospholipid vesicles being susceptible to CCT-
induced aggregation. Our findings suggest a new model for CCTR domain organization and membrane
interaction, and a potential involvement of the enzyme in cellular events that implicate close apposition
of membranes.

CCT1 is an amphitropic protein. It interconverts between
a soluble inactive form and a membrane-bound active form.
Membrane binding and activation of CCT are regulated by
changes in membrane lipid composition and the phospho-
rylation state of CCT (1). Studies in vitro (2-5) and in vivo
(5-9) have identified two classes of lipids that promote
membrane binding and activation of CCT. Class I lipids
(anionic phospholipids) generate a negative electrostatic

surface potential which attracts CCT to the membrane surface
followed by hydrophobic interactions and insertion of CCT
into the interfacial region of the outer monolayer of the
bilayer (2, 4, 5). Class II lipids, such as diacylglycerols and
unsaturated phosphatidylethanolamine, induce negative cur-
vature strain, and binding of CCT to class II lipid membranes
might relieve this curvature strain (10, 11). Long chain fatty
acids also promote CCT membrane binding, and share
features of both class I and class II lipid activators. Direct
and indirect binding measurements of the full enzyme or
peptides comprising the membrane binding domain suggest
that the binding affinity of CCT for anionic phospholipids
exceeds that for fatty acids or class II lipids by more than
10-fold (3, 4, 10, 11). In cells, CCT translocates to the nuclear
envelope (7, 12-14) or ER (15, 16), in response to stimuli
that accelerate PC synthesis. These cellular membranes
contain both class I and II lipids (17, 18).

CCT is a homodimer (19), and each subunit consists of
three main functional domains. The N-terminal head (amino
acids 1-236) contains the conserved catalytic domain (20)
and, together with the domain preceding it (domain N), is
responsible for subunit dimerization (21). The membrane-
binding domain (domain M, residues∼237-299) adopts an
amphipathic helical structure upon membrane binding (4, 5,
22, 23). The C-terminal serine- and proline-rich region
(domain P) is highly phosphorylated (24), and its phospho-
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rylation decreases membrane affinity (3, 7, 25, 26). A
catalytic fragment of CCT lacking domains M and P
(CCT236) did not translocate to membranes in response to
oleic acid, and was constitutively active (27, 28). These
observations have generated a model for activation of CCT
in which domain M is an inhibitor of the catalytic domain.
The inhibition is relieved upon membrane binding of domain
M (27, 28). Models of CCT-membrane interaction have
depicted an arrangement in which the two M domains of
the CCT dimer engage the same membrane surface (1; Figure
1A).

In a previous study, we noted that addition of CCT to
anionic phospholipid SUVs increased the turbidity of the
suspensions (23). This observation suggested that CCT can
induce the aggregation of vesicles via a CCT-mediated cross
bridge in which the two M domains of the CCT dimer engage
two separate vesicles (Figure 1B). To explore the cross-
bridging model more rigorously, we used DLS and TEM to
examine the effects of the full-length CCT, a domain M
fragment, or an N-terminal fragment missing domains M and
P on the size and aggregation state of LUVs containing class
I or class II lipid activators. Both methods revealed thatonly
the full-length CCT promotes the aggregation ofonlyvesicles
containing anionic phospholipids, in support of the cross-
bridging model. CCT did not induce the aggregation of
vesicles containing the more weakly activating class II lipids.
The CCT fragments did not induce aggregation of any
vesicles that were studied. These observations give rise to a
new hypothesis for the organization of CCT domains
involving the positioning of domain M on opposite poles of
the catalytic dimer and suggest the potential for CCT to act
as a vesicle tether.

EXPERIMENTAL PROCEDURES

Materials

Egg PC and PG were purchased from Northern Lipids Inc.
(Vancouver, BC). DOPE and PS were from Avanti Polar
Lipids. The purity of phospholipid stocks was confirmed by
thin-layer chromatography, and the concentrations of the
phospholipids were determined with a phosphorus assay (29).

CTP, DTT, DEAE-Sepharose, CM-Sepharose, Blue Sepharose
(fast flow), Triton X-100, and OA were from Sigma. CF
was from Kodak, and NBD-PE and Rho-PE were from
Molecular Probes.

Methods

Expression and Purification of CCT. The rat liver CCTR
isoform and CCTR236 (encoding amino acids 1-236) were
expressed by baculovirus infection ofTrichoplusia nicells
and purified as described previously (11, 23). The pure
enzymes were stored in aliquots at-80 °C, and their
concentrations were determined by quantitative amino acid
analysis (Alberta Peptide Institute, Edmonton, AB). Both
CCT preparations were homogeneously pure based on a
Coomassie stain of SDS-PAGE samples.

Peptide Synthesis. A 57-mer peptide corresponding to
residues 237-293 of rat liver CCTR was synthesized by K.
Piotrowska at the University of British Columbia Peptide
Service Laboratory (Vancouver, BC) as described previously
(23). The concentration of an aqueous stock solution (∼1
mM) was determined by measuring the absorbance at 280
nm (ε ) 6970 M-1 cm-1).

Preparation of Large Unilamellar Vesicles (LUVs) and
Vesicle Turbidity Assay. Lipid mixtures were prepared from
chloroform stocks, dried by rotary evaporation, and placed
under vacuum overnight to remove trace residual solvent.
The lipid films were resuspended in prefiltered buffer A [10
mM Tris (pH 7.4), 1 mM EDTA, 150 mM NaCl, and 10
mM DTT] to a concentration of 0.4 mM. The suspensions
were subjected to five freeze-thaw-vortex cycles to disrupt
multilamellar structure, diluted to 0.1 mM, and extruded 14
times at a pressure of 200 psi through two polycarbonate
membranes with a nominal pore diameter of 50 nm using
an extruder (Lipex Biomembranes, Vancouver, BC). The
final phospholipid concentrations were determined by the
method of Bartlett (29). The LUVs were stored at 4°C and
were used within 3 days of preparation. To determine the
ratio of CCT monomers to vesicle, we calculated the number
of lipids per vesicle using the vesicle hydrodynamic radii
determined by DLS (this study), a bilayer thickness of 4 nm
(30), and a headgroup area of 0.68 nm2 for PG, PC, and PS
(31) and 0.28 nm2 for OA. The latter represents the area per
molecule in monomolecular layers of OA at the maximal
surface pressure of∼30 mN/m (32). By this calculation,
LUVs of PG contain∼60000 lipids/vesicle.

CCT-induced vesicle aggregation was assayed at 20°C
by measuring the increase in the apparent absorbance at 400
nm of LUV suspensions after addition of CCT (23).

CCT ActiVity Assay. Activity was measured in the presence
of varying concentrations of LUVs as described previously
(3). The concentration of CCT was 22 nM, and the other
components were 20 mM Tris (pH 7.4), 10 mM DTT, 88
mM NaCl, 12 mM MgCl2, 8 mM CTP, and 1.6 mM [3H]-
phosphocholine, with a specific activity of 10 mCi/mmol.

Membrane Binding Assay. Sucrose-loaded vesicles (SLVs)
containing trace amounts of [3H]DPPC were prepared in 20
mM Tris (pH 7.4), 170 mM sucrose, and 10 mM DTT,
extruded through two 0.1µm polycarbonate filters, and
sedimented as described previously (3). CCT (0.8µM) in
buffer A was incubated with SLVs (0.05-1.2 mM lipid) in
a total volume of 60µL for 20 min at room temperature.

FIGURE 1: Two modes for CCT association with membranes. (A)
CCT interacts with its two M domains partitioning into a single
vesicle. (B) CCT cross-bridges two lipid bilayers through interac-
tions of each domain M with separate vesicles. N/C represents the
N-terminal and catalytic domains, M the membrane binding
amphipathic helical domain, and P the C-terminal phosphorylation
domain.
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The membrane-bound CCT was separated from the free
enzyme by centrifugation at 100000g for 30 min at 25°C.
The pellets contained greater than 90% of the lipid as
determined from radioactivity. The quantity of CCT in the
pellet and supernatant was determined by SDS-PAGE using
a Tricine gel system. Gels were stained with SYPRO-Orange,
visualized on the Typhoon 9410 Variable Model Imager with
a 488 nm laser and 580 nm filter, and analyzed by
densitometry (Image Quant version 5.2). A dimensionless
apparent partition coefficientKx was calculated according
to the equation (33)

wherePb andPf are the number of moles of bound and free
protein, respectively, 0.5[L] is the accessible lipid concentra-
tion (outer leaflet only), and the factor 55.5 is the molar
concentration of water.

Dynamic Light Scattering (DLS) Measurements.CCT was
added from a 5.5µM stock to a 0.1 mM LUV suspension in
buffer A to yield CCT concentrations of 1-300 nM. To
check for possible effects on the dispersion state of the
samples due to an initial high local concentration of CCT,
we reversed the order such that the LUVs were added from
a concentrated suspension to a dilute CCT solution. We found
that the order of addition had no effect. Light scattering was
measured using an ALV DLS/SLS-500 spectrometer/goni-
ometer (ALV-Laser GmbH, Langen, Germany). The sealed
sample was placed in a 25°C toluene bath. The scattered
light was detected at a scattering angle of 90° from the
transmitted beam; the light source was a 633 nm helium-
neon laser.

The quantity measured in DLS is the time autocorrelation
function of the scattered intensityg(2)(τ), whereτ is the delay
time (34). This function can be written in terms of the time
autocorrelation function of the scattered fieldg(1)(τ)

where â is a factor which depends on the experimental
geometry.

For monodisperse particles undergoing Brownian motion
with a diffusion coefficientD, g(1)(τ) can be written asg(1)(τ)
) exp(-Dq2τ), whereq is the difference between the incident
and scattered wave vectors. The diffusion coefficient of the
particle is related to its hydrodynamic radiusR by the
Stokes-Einstein relation

where η and T are the viscosity and temperature of the
solvent, respectively. The time autocorrelation function hence
decays exponentially with a decay rateΓ ) Dq2.

For polydisperse particles,g(1)(τ) can be written as

whereG(Γ) describes the distribution of decay rates. Using
eqs 2-4, g(2)(τ) can be written as

The Schulz distribution was used to describe the particle
size distribution in this analysis (35)

whereR0 is the average radius of the particles andZ is related
to the relative standard deviationσ by the relationshipσ2 )
1/(Z + 1). In this paper, polydispersity is defined as the
relative standard deviation, that is, the ratio of the standard
deviation to the average radius. The average radius and
polydispersity of the particles in the dispersion were deter-
mined by fitting eq 5 to the measured intensity-intensity
correlation data.

Transmission Electron Microscopy. NegatiVe Staining.
CCT-vesicle complexes were prepared by mixing LUVs (1
mM) in 10 mM Tris (pH 7.4), 150 mM NaCl, and 1 mM
EDTA with CCT (0.1-1 µM). The samples (8µL) were
pipetted onto copper Formvar coated grids (300 mesh); 1
min was allowed for sample adhesion, and then the excess
material was removed by blotting with filter paper. The
specimen grid was stained with 8µL of 2% aqueous uranyl
acetate for a few seconds, and the excess stain was removed
with filter paper. At least two grids for each sample were
examined. All micrographs were digitally recorded in a
Hitachi H-760 transmission electron microscope (Hitachi,
Tokyo, Japan) operated at 80 kV (University of British
Columbia Bioimaging Facility). Pictures were taken at a
magnification of 80000×. The diameters of the vesicle
aggregates were measured as the largest length of the particle.
For large aggregates that significantly deviated from a
spherical shape, the diameter determined was the average
of the maximal and minimal size. Between 300 and 1300
vesicles for each sample were analyzed. The accuracy of
the size determination was∼10 nm.

Preparation of Gold Particles and Protein-Gold Com-
plexes. Colloidal gold particles with diameters of 7( 1 nm
(n ) 38, SD) were prepared by reduction of tetrachloroauric
acid with sodium citrate and tannic acid (36). The pH of the
gold sol was adjusted to pH∼7 with K2CO3. Gold particles
were coated with CCT according to the method of Baschong
and Wrigley (37) with some modifications. Initially, we used
BSA to stabilize the sols; however, the excess of BSA
reduced the enzymatic activity of CCT-gold complexes.
Therefore, instead of BSA, additional CCT was added to
the colloidal gold to an amount that exceeded 5 times the
minimal concentration of protein required to stabilize the
sol. The protein-gold suspensions were then centrifuged at
32 000 rpm for 60 min, to remove unconjugated CCT, and
the pellet containing the CCT-gold complexes was resus-
pended in 10 mM Tris (pH 7.4), 88 mM NaCl, 1 mM EDTA,
and 2 mM DTT. Samples for electron microscopy were
prepared following the protocol for negative staining. The
lipid:protein ratio in the samples was 1000:1, corresponding
to ∼50 CCTs/vesicle.

ReactiVity of Gold-Labeled CCT with Antibody against
Domain M. Gold-labeled CCT or unlabeled CCT was probed
with antibody against residues 256-288 of rat CCTR (anti-
domain M) using a dot blot. All steps were carried out at
room temperature. One microliter (200-400 ng) of protein
sample was spotted onto a strip of hybond ECL nitrocellulose
membrane (Amersham Pharmacia Biotech), dried, and

G(R) ) RZ

Z!(Z + 1
R0

)Z+1

exp[- R(Z + 1)
R0

] (6)

Kx ) Pb/Pf × 55.5/0.5[L] (1)

g(2)(τ) ) 1 + â[g(1)(τ)]2 (2)

D )
KBT

6πηR
(3)

g(1)(τ) ) ∫0

∞
G(Γ)e-Γτ dΓ (4)

g(2)(τ) ) 1 + â[∫0

∞
G(R) exp(- KbTq2τ

6πηR ) dR]2

(5)
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blocked with 0.2% Tween 20 and 6% milk powder in Tris-
buffered saline for 1 h. After three washes, the membrane
was incubated with a 1:1000 dilution of anti-domain M for
2 h. Subsequently, the membrane blot was washed and
incubated overnight with goat anti-rabbit horseradish per-
oxidase conjugate (1:1000) and detected with enhanced
chemiluminescence (Amersham Biosciences). Native CCT
was used as a positive control; native and gold-conjugated
CCT236 and gold-labeled BSA were used as negative
controls.

Vesicle Leakage Assay.LUVs were prepared by extrusion
as described above with entrapped self-quenched carboxy-
fluorescein (80 mM) in 70 mM NaCl, 10 mM Tris (pH 7.4),
and 1 mM EDTA. Free CF was removed by chromatography
on a Sephadex G 50 column at 4°C. Vesicles were eluted
with 10 mM Tris (pH 7.4), 150 mM NaCl, and 1 mM EDTA,
and their integrity was monitored by the stability of CF
fluorescence at 520 nm (λex ) 490 nm) for 10 min at 20°C
using a PTI Quanta Master Luminescence spectrofluorimeter.
Increased fluorescence intensity at 520 nm measured after
the addition of CCT or domain M peptide indicated release
of vesicle-trapped CF in the bulk solution. To induce
complete leakage of CF, vesicles were mixed with Triton
X-100 (1%, v/v). The percent of CF leakage was calculated
according to the formula (38)

whereF0 is the fluorescence before the protein or peptide is
added,F is the fluorescence 10 min after the protein or
peptide has been added, andFT is the fluorescence after
Triton X-100 has been added.

Fluorescence Resonance Energy Transfer (FRET) Assay
for Vesicle Fusion. CCT-induced vesicle lipid mixing was
examined using a modification of the method of Struck et
al. (39). LUVs of PG containing NBD-PE and Rho-PE at 2
mol % each were prepared by extrusion as described above.
Labeled vesicles were mixed with a 4-fold molar excess of
unlabeled vesicles (total phospholipid concentration of 100
µM), and the NBD-PE fluorescence intensity at 515 nm (λex

) 460 nm) was recorded to obtain the baseline (0%)
fluorescence. After 5 min, CCT, domain M peptide, or
lysozyme was added and the fluorescence intensity was
measured for 30 min until a plateau fluorescence value was
obtained. Triton X-100 (final concentration of 0.5%) was
added to obtain the 100% fluorescence value. Fusion causes
a net increase in donor (NBD-PE) and decrease in acceptor
(Rho-PE) fluorescence due to dilution of the donor-acceptor
pair by nonfluorescent lipids (39). All fluorescence measure-
ments were performed at 20°C in a PTI Quanta Master
Luminescence spectrofluorimeter.

RESULTS

CCT Increases the Turbidity of LUVs. In a previous paper,
we had noted that CCT promotes an increase in sample
turbidity when added to small unilamellar vesicles containing
anionic phospholipids (23). Figure 2 shows that CCT also
increases the turbidity of extruded LUVs composed of the
anionic lipid, PG. This is consistent with protein-induced
changes in vesicle size due to aggregation, growth, or both.
Very low concentrations of CCT corresponding to ap-
proximately three CCT monomers per vesicle promoted

turbidity of PG LUVs. Neither the membrane-binding
domain M fragment of CCT nor CCT236, the catalytic
domain dimer, led to increased turbidity under similar
conditions (Figure 2), suggesting that a full-length CCT
dimer is required for this effect.

CCT ActiVation by LUVs. To parallel our investigation of
the effects of CCT on the aggregation state of LUVs
containing class I and class II lipid activators, we compared
the potency of these lipid systems as CCT activators (Figure
3). The LUVs used for both activity measurements and DLS
had approximately the same radius (∼40 nm). LUVs
containing class I lipids (PG and PS) were stronger activators
of the enzyme than those containing class II lipids (DOPE
and DOG). LUVs of PC were the weakest activators of CCT.
The activation curve for PC/OA (1:1) vesicles resembled
those of class II lipids at the low concentrations, whereas

% CF leakage) [(F - F0)/(FT - F0)] × 100 (7)

FIGURE 2: Effects of CCT, CCT236, or domain M peptide on
vesicle turbidity. The absorbance at 400 nm was monitored. Each
point represents a plateau value measured 5 min after addition of
the peptide (amino acids 237-293) or purified CCT proteins. The
lipid concentration was 100µM. For the data in this figure and
subsequent figures, the ratio of CCT monomer per vesicle was
calculated as described in Methods. The data for CCT represent
the average of two experiments( a half-range.

FIGURE 3: Dependence of CCT activity on the lipid concentration
of LUVs. The lipid ratios are molar. The concentration of CCT in
the assay was 22 nM. In the absence of lipid, the CCT specific
activity was 0.24 nmol min-1 µg-1. The data are averages( the
error of two or more independent experiments. Specific activity
units are nanomoles of CDP-choline formed per minute per
microgram of CCT.
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above 5µM, it rose steeply and reached half-activation at a
vesicle concentration comparable to that for PC/PG (1:1)
vesicles. The data also reveal a dependence of CCT activity
on the mole percent anionic lipid in the PC/PG mixtures,
consistent with previous observations (2, 3).

CCT Has a Lower Affinity for Class II than for Class I
ActiVating Lipids.The potency of a lipid activator isdeter-
mined by the binding strength between CCT and the vesicle
containing that activating lipid (2-5, 11). Previous direct
binding measurements have revealed weaker interactions of
domain M peptide to SUVs containing class II compared to
class I lipid activators (4). Binding of the full CCT enzyme
to vesicles containing class I versus class II lipids has not
previously been assessed in parallel. Figure 4 compares the
affinity of binding of CCT to the class I and class II lipids
used in this study. The level of CCT binding to SLVs
composed of 100% PC was within the background level in
this assay.2 The apparent partition coefficients,Kx, were
calculated from the initial slopes of the binding curves
replotted according to eq 1 (Pb/Pf ) Kx × 0.5[L]/55.5).Kx

values were 1.1, 4.5, 8.3, and 30× 105 for PC/DOPE (2:3),
PC/PG (2:1), PC/OA (1:1), and PC/PG (1:1) vesicles,
respectively. The corresponding∆Gbinding values are-6.9,
-7.7, -8.0, and -8.8 kcal/mol, respectively. Thus, in
agreement with the activity analyses, CCT displayed an∼30-
fold higher affinity for vesicles containing class I lipid
activator (PC/PG) than for vesicles containing class II lipid
activator (PC/DOPE). The level of binding to PC/OA vesicles
was intermediate between those of the two lipid classes.

Dynamic Light Scattering Analysis of Vesicle Size in the
Presence of CCT. DLS measurements were performed to
quantify CCT-induced changes in vesicle size and polydis-
persity for LUVs containing class I or II lipid activators.
Figure 5 plots the intensity-intensity correlation function
of the scattered light (see Methods). The correlation function
decays to a baseline with a decay time that depends on the
size of the vesicles. The larger the vesicle, the longer the

decay time. As few as three CCT monomers per PG vesicle
was sufficient to increase the decay time (Figure 5A),
whereas even 85 CCT monomers/vesicle did not affect the
decay time of PC vesicles (Figure 5B). Figure 5A also shows
a contribution to the correlation function of an extra slow
component due to growth of large aggregates that increases
as the CCT concentration increases (arrows). These results
indicate a CCT-induced increase in the size or aggregation
state of PG vesicles and no effect of CCT on PC vesicles.

Panels A and C of Figure 6 plot the calculated average
radii of the vesicles as a function of CCT concentration
determined by fitting eq 5 to the measured intensity-intensity
correlation data for all DLS data that did not show an extra
slow component in the decay curve. The two classes of lipids
exhibited very different responses to CCT. The average
particle size measured for vesicles containing the anionic
phospholipids PS and PG roughly doubled with 20 CCTs/
vesicle compared to zero CCT (Figure 6A). Vesicle poly-
dispersity also increased with an increase in the CCT:vesicle
ratio for these systems (Figure 6B), a reflection of the
variation in the number of vesicles per aggregate. In contrast,
CCT did not cause an increase in the average radii or
polydispersity of PC vesicles or of vesicles containing class
II activators, DOPE, DOG, and OA (Figure 6A,B). DLS
measurements showed that the fragments corresponding to
CCT236 and the domain M peptide did not affect the size
or the polydispersity of PG LUVs (Figure 6A,B), consistent
with their lack of induction of vesicle turbidity (Figure 2).
The CCT-induced increase in the extent of vesicle aggrega-
tion was dependent on the negative surface charge of the
vesicles. The concentration of CCT required to augment
vesicle size (Figure 6C) and polydispersity (data not shown)
decreased with an increase in mole percent PG in PC/PG
LUVs. Aggregation was detected only with PC/PG LUVs
containingg33 mol % anionic lipid. Previous studies have
shown a similar threshold concentration for PG promoting

2 The apparent discrepancies between the lipid potency reflected in
the binding measurements (Figure 4) versus the activity measurements
(Figure 3) are due to differing vesicle diameters of the SLVs used for
binding (∼200 nm diameter) versus the LUVs used for activity (80
nm diameter). When binding and activity are assessed using the same
lipid vesicle system, there is close agreement in lipid potency (3).

FIGURE 4: Comparison of CCT’s binding affinity for SLVs of class
I, class II, or PC/OA activators. CCT binding to sucrose-loaded
vesicles was assessed as described in Methods. In the absence of
lipid, 29 ( 9% of CCT was recovered in the pellet due to
sedimentation of CCT or its adhesion to the walls of the tube. The
data shown are the average( the standard deviation from two to
four independent measurements.

FIGURE 5: Effects of CCT on the light scattering correlation
function decay rate for LUVs composed of PG (A) or PC (B). The
arrows show the contribution of an extra slow component due to
growth of large vesicles that increases with CCT concentration.
Data are from one representative set of analyses.
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binding of CCT to SLVs at pH 7.4 and similar ionic strength
(3).

Changes in the Aggregation State of CCT-LUV Com-
plexes As ReVealed by TEM. TEM was used to confirm the
DLS data suggesting an effect of CCT on PG vesicle size.
Moreover, TEM would allow direct visualization of the
effects of CCT on the size and potentially the morphology
of the vesicles containing class I or class II lipid or OA.
Panels A and D of Figure 7 show representative micrographs
of PG and PC/OA LUVs in the absence of protein. Before
addition of CCT, the vesicles appeared to be dispersed well
and relatively nonaggregated. There were some clusters
within which the individual vesicles could be discerned.

The addition of CCT, corresponding to 6-10 monomers
per PG vesicle (Figure 7B), induced vesicle clustering and
the formation of aggregates with flattened contact areas. In
some of these aggregates, individual vesicles appeared to
be merged (Figure 7B, arrows). In addition, we observed a
small population of very large (micrometer) aggregates that
most likely resulted from vesicles that had fused (Figure 7C).
In contrast, addition of up to 29 CCTs per vesicle did not
affect the aggregation state or size of PC/OA vesicles (Figure
7E,F). We did not observe large (micrometer) aggregates in
any of the CCT-PC/OA samples examined under the
microscope.

The size distributions of PG and PC/OA vesicles before
and after the addition of CCT were derived from the
micrographs of stained vesicle preparations (Figure 8). PG
and PC/OA vesicles in the absence of CCT were fairly
uniform in size with mean radii( the standard deviation of
47 ( 24 (N ) 607) and 62( 25 nm (N ) 300), similar to
the medians, 45 and 60 nm, respectively (Figure 8A,B, white
bars). CCT shifted the size distribution of PG vesicles toward

larger particles at all concentrations that were studied. With
six CCT monomers per vesicle, the mean particle radius was
79 ( 86 nm, and∼13% of all vesicles had radii greater than
the largest radius observed in the pure PG vesicle population
(Figure 8A, black bars). Similar size distributions and
increases were seen with 10 and 29 CCT monomers/vesicle
(data not shown). CCT did not cause significant changes in
the size distribution of PC/OA vesicles: in the presence of
a 10-fold higher concentration of CCT (75 CCTs/vesicle),
only ∼1.5% of the total vesicles had radii larger than the
biggest particles seen in PC/OA samples without CCT
(Figure 8B).

The mean radii obtained from the histograms were
compared with those determined by DLS. Quantitative
agreement exists between EM and DLS on the size of PG
vesicles without CCT. Both techniques showed a CCT-
dependent increase in the size and polydispersity of PG
vesicles, but no effect of CCT on PC/OA vesicles (Figures
6 and 8). The size of PC/OA vesicles determined from EM,
62 ( 25 nm, was slightly larger than the value (45.9( 8.2
nm) measured by DLS. In the EM images used for the

FIGURE 6: Effects of CCT, CCT236, or domain M peptide (peptide)
on the average radius (A and C) and polydispersity (B) of LUVs.
The average radius was derived from the DLS data in Figure 5,
for correlation function decay curves that did not exhibit the extra
slow component. The polydispersity (B) is the standard deviation
of the radius divided by the average radius, as described in Methods.
(C) Dependence of vesicle radius on the mole percent anionic
phospholipid. CCT was used in the experiments shown in this panel.
Data in panels A-C are averages of five measurements taken for
each sample. In most cases, the standard deviation bars are within
the size of the symbols.

FIGURE 7: Effect of CCT on the dispersion state of LUVs,
monitored by TEM. Transmission electron micrographs of nega-
tively stained LUVs were prepared as described in Methods: (A)
PG LUVs, (B) PG LUVs with 10 CCTs/vesicle, (C) PG LUVs with
29 CCTs/vesicle, (D) PC/OA (1:1) LUVs, (E) PC/OA (1:1) LUVs
with 6 CCTs/vesicle, and (F) PC/OA (1:1) LUVs with 29 CCTs/
vesicle. Arrows in panel B indicate small aggregates, and panel C
shows a large (micrometer) aggregate of PG vesicles. The scale
bar equals 300 nm for panels A, B, and D-F and 100 nm for panel
C.
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calculations, the PC/OA vesicles were slightly elongated and
invaginated (Figure 7D), and since we measured the largest
length of the particles, an overestimation of the radii of the
vesicles is probable. The extrusion process itself may
generate nonspherical LUVs (40), and the EM preparation
deforms them, thus thwarting an assessment of morphology
differences between the two lipid classes.

Direct Visualization of Gold-Labeled CCT Bound to
Vesicle Aggregates.To directly visualize the association of
CCT with vesicle surfaces, and to probe whether CCT
accumulates at points of vesicle contact, we prepared CCT
conjugated to 7 nm colloidal gold. Stable CCT-gold sols
were formed as judged by TEM observations that showed
the absence of aggregates (Figure 9C). The size of a CCT
dimer, which can be approximated on the basis of determined
structures of a homologous glycerophosphate cytidylyltrans-
ferase (20) and domain M (22), is on the same order of
magnitude as the 7 nm gold particles. Thus, only one or two
CCT molecules can bind to each gold particle. Moreover,

FIGURE 8: Effect of CCT on the size distribution of vesicles
measured from electron micrographs of negatively stained samples.
Histograms were prepared by manual measurement of 300-1300
vesicles for each condition: (A) PG LUVs without (white bars)
and with 6 CCTs/vesicle (black bars). (B) PC/OA LUVs without
(white bars) and with 75 CCTs/vesicle (black bars).

FIGURE 9: (A) Gold conjugation does not render the domain M inaccessible. Proteins were immobilized onto hybond ECL nitrocellulose
membrane, and their reaction with the anti-domain M antibody was tested: lane 1, native CCT (250 ng); lane 2, gold-labeled CCT (400
ng); lane 3, native CCT236 (200 ng); lane 4, gold-labeled CCT236; and lane 5, gold-labeled BSA. Samples 3-5 are negative controls
showing that the anti-M reactivity is specific for domain M, and is not a reaction with nonepitopic domains on CCT or with the gold
particle. The activity (nanomoles of CDP-choline per minute per microgram) of native and gold-conjugated CCT was measured with or
without 100µM PC/OA SUVs. (B) Density of gold-labeled CCT and ovalbumin (OVA) in PG and PC LUVs. The means( the standard
deviation of the distributions of gold particles densities are plotted for 20 (CCT/PG), 14 (CCT/PC), and 4 (OVA/PG) micrographs. The
t-test values are 5.55 (p ) 0.001), 1.72 (p ) 0.1), and 4.65 (p ) 0.01) for the three systems, respectively. The total number of gold particles
counted for each system was 2132 (CCT/PG), 2138 (CCT/PC), and 1660 (OVA/PG). White bars and black bars represent densities for
vesicle-free and vesicle-covered areas in the micrographs, respectively. (C-H) Transmission electron micrographs show accumulation of
gold-conjugated CCT on aggregated PG vesicles: gold-conjugated CCT in the absence of vesicles (C) and in the presence of PG (D and
E; the two images are from separate LUV and CCT-gold preparations) or PC (F) LUVs. Panels G and H show gold-conjugated ovalbumin
in the absence and presence of PG LUVs, respectively. The scale bar is 100 nm.

9388 Biochemistry, Vol. 44, No. 26, 2005 Taneva et al.



most of the gold particles labeled with CCT were monodis-
perse (Figure 9C), indicating that only one particle binds to
each CCT molecule.

The process of conjugation did not affect the ability of
CCT to bind to antibody directed against domain M (Figure
9A). In addition, gold conjugation did not block the ability
of PC/OA vesicles to stimulate CCT activity (Figure 9A).
Thus, domain M remains accessible in the CCT-gold
complex. Negative staining of PG and PC vesicles incubated
with the CCT-gold complex (∼50 CCT monomers/vesicle)
revealed gold particles associated with vesicles and in the
background (Figure 9D-F). We did not wash the grids after
deposition of the vesicle/CCT-gold mixture because wash-
ing released most of the material (including the LUVs) from
the grid. Despite this, the CCT-gold complex was not evenly
distributed on the micrographs, but was preferentially as-
sociated with PG vesicles. To quantify the amount of vesicle
labeling, images for each sample were selected randomly,
individual CCT-gold particles were counted, and their
density in vesicle-free and vesicle-covered areas of the
micrographs was determined (Figure 9B). There was an∼4-
fold increase in the density of CCT-gold complexes
associated with PG LUVs, compared to an only∼1.2-fold
enrichment of CCT-gold complexes bound to PC LUVs.
To address potential nonspecific adherence of the gold
particles to the vesicle surface, we initially attempted to
visualize gold-labeled CCT236, missing domains M and P.
However, despite numerous attempts using different condi-
tions, we were unable to prepare stable conjugates of the
CCT236-gold complex. Ovalbumin-gold conjugates (Fig-
ure 9G) were readily prepared and were used as a control
protein in experiments with PG LUVs (Figure 9H). The ratio
of gold density in vesicle-covered to vesicle-free areas was
1.3, similar to the value for CCT-gold/PC LUVs (Figure
9B). Therefore, we conclude that there was a significant
enrichment of CCT-gold complexes associated with PG,
but not PC, vesicles, consistent with the activity and binding
data of Figures 3 and 4 and published data (2-5, 21, 23).

Most notably, the images revealed an accumulation of
CCT-gold particles on aggregated PG vesicles. Within these
aggregates, CCT-gold particles were generally distributed
both on the peripheral vesicle surfaces and in sites of close
membrane apposition (Figure 9D). In some images, there
was a clear accumulation of gold particles at contact sites
between vesicles of the aggregate, supporting a cross-
bridging mechanism for the interaction of CCT with PG
vesicles (Figure 9E). This accumulation between two vesicles
was not noted in samples containing PC LUVs.

CCT Induces Membrane Destabilization of Anionic LUVs.
DLS and TEM analyses showed a clear difference in the
aggregation potential of class I and class II lipid vesicles.
To further characterize these differences, we investigated the
CCT-induced perturbation of bilayer stability using two
methods. First, we tested the leakage of vesicle-entrapped
carboxyfluorescein (CF) upon addition of CCT to class I and
class II lipid vesicles. Binding of CCT to vesicles containing
class I lipids (PG and PC/PG) strongly destabilized the
bilayer as shown by the release and dequenching of CF
(Figure 10A). At∼20 CCT monomers per PG vesicle, the
fluorescence was near maximal (∼70%). The membrane-
destabilizing potential of CCT was dependent on the percent
of anionic phospholipids. On the other hand, CCT had little

effect on CF release from vesicles containing class II lipids
(PC/DOPE). The perturbing effect of CCT on PC/OA
vesicles was intermediate. Thus, CCT interaction with the
two classes of lipid vesicles has a very different impact on
bilayer integrity, which is likely related to the different
CCT-lipid binding affinities (Figure 4).

We also examined whether the domain M peptide can
induce CF leakage. Figure 10B shows that while it was
effective at releasing CF, roughly 10 times more peptide per
vesicle was required to reach maximal fluorescence compared
to full-length CCT. This suggests that the bilayer perturbing
properties of domain M in the intact CCT differ from those
of the fragment. The partition coefficients for a domain
M-based peptide binding to PC/OA (1:1) and PC/PG (1:1)
SUVs (4) are similar to those determined for binding of full-
length CCT to SLVs of the same compositions (Figure 4).
Therefore, the observed differences may not reflect different
membrane binding affinities of CCT and domain M peptide.
Rather, the dimeric structure of CCT may contribute to the
enhanced bilayer perturbation. Although the full-length CCT
enzyme was a much more potent bilayer destabilizer than
the domain M peptide, the rank order of responsiveness
between the lipid classes was similar. Class I lipids were
the most sensitive; class II lipids (DOPE) were insensitive,
and PC/OA vesicles exhibited intermediate sensitivity. This
supports the concept that the lipid affinity of domain M
governs the interaction of CCT with activating lipids (4, 23).

Second, we examined the effect of CCT and domain M
peptide on intervesicular lipid mixing of PG LUVs using a
FRET assay. CCT did not induce significant lipid mixing in
the range of concentrations used in the vesicle aggregation
and contents leakage experiments (1-100 monomers/
vesicle): there was an only∼1-3% increase in the

FIGURE 10: CCT and domain M peptide differentially destabilize
bilayers. Effects of CCT (A) and domain M peptide (B) on vesicle
content leakage were monitored by the increase in the fluorescence
of vesicle-entrapped CF. Lipid ratios are molar. The concentration
of lipid was 20µM. CF fluorescence was measured 10 min after
addition of the protein or peptide when plateau values were reached.

Cytidylyltransferase Cross Bridging of Anionic Vesicles Biochemistry, Vol. 44, No. 26, 20059389



fluorescence of NBD-PE (Figure 11). The fusogenic protein,
lysozyme (38), also exhibited an only 1-2% increase in the
NBD-PE fluorescence at these same low protein:lipid ratios
(data not shown). At higher concentrations of 200-400
CCTs/vesicle, we measured 10-30% fluorescence increases
(Figure 11). At these concentrations, corresponding to
protein:lipid molar ratios of 0.004-0.008, the lipid mixing
activity of CCT was comparable to that reported for
fusogenic peptides, such as the HIV GP41 C-terminal fusion
peptide (41), and the transmembrane segments of the
SNARES, synaptobrevin II, and syntaxin 1A (42). Thus, the
pronounced induction of aggregation and leakiness of anionic
vesicles observed at low CCT:vesicle ratios was not associ-
ated with significant membrane fusion; however, CCT has
lipid mixing activity at protein:lipid ratios comparable to
those of other fusogenic peptides and proteins. Domain M
peptide did not have fusogenic activity at up to 2000
peptides/vesicle (data not shown), in keeping with its inability
to induce aggregation, a necessary step for fusion.

DISCUSSION

CCT Mediates Cross Bridging of Vesicles Containing
Anionic Phospholipids. In this study, we used three comple-
mentary methods to assess the CCT-induced aggregation of
LUVs: vesicle apparent absorbance, dynamic light scattering,
and TEM. All three approaches were consistent in showing
that only one to three CCT dimers per vesicle (∼104 lipid:
CCT molar ratio) suffice to induce aggregation of LUVs
composed of anionic phospholipids, but not LUVs composed
of PC and OA or class II lipids.

Some proteins, for example, annexin IV (43), myelin
proteolipid (44), and cytochromec (45), induce vesicle
aggregation by coating the vesicle surface, which leads to
protein oligomerization (43, 44) and/or vesicle charge
neutralization (45). However, the low CCT:vesicle ratio
required to induce aggregation and the inability of the
membrane binding domain on its own to induce aggregation
clearly indicate that this mechanism does not apply to CCT-
induced aggregation. The requirement for the N-terminal
dimerization domain plus domain M argues in favor of a
cross-bridging mechanism for aggregation, in which the M
domains of each subunit are positioned on opposite sides of
the CCT dimerization domains (Figure 1B). The use of
CCT-gold complexes directly showed preferential associa-

tion of CCT with vesicle membranes and accumulation of
CCT over aggregated PG vesicles. In some images, we
observed accumulation of CCT-gold particles at membrane-
membrane contacts (Figure 9E), thus supporting CCT-
induced cross bridging of vesicles. Our data also suggest
that vesicle aggregation is not merely a consequence of
bilayer packing perturbation. The domain M peptide did not
induce vesicle aggregation when added to PG LUVs at a
concentration as high as 4000 peptides/vesicle, whereas
bilayer packing disruption occurred with as little as 100
peptides/vesicle (Figure 10B).

That CCT can cross-bridge vesicles composed of class I
lipids suggests a model for CCT domain organization in
which the two M domains can position themselves on
opposite poles of the catalytic dimer as depicted in Figure
1B. However, our data do not exclude single-bilayer engage-
ment of both M domains as depicted in Figure 1A. If the
linker between the catalytic domain and domain M is flexible,
as indicated in Figure 1, both the cross-bridging mode (Figure
1B) and the single-bilayer binding mode (Figure 1A) should
be possible. Restriction of the translational freedom of the
two bridged vesicles would dictate that only a strong
interaction between the enzyme and membrane would allow
the cross-bridging mode.

The CCT Dimer Does Not Cross-Bridge Vesicles Contain-
ing Class II Lipids. CCT did not promote aggregation of
LUVs containing the class II lipids, DOG or DOPE, even at
CCT:vesicle ratios as high as 80 (Figure 6). The most likely
explanation for the different response of class I versus class
II lipids is the weaker energetics of binding of CCT to these
lipid vesicles. The apparent partition coefficients calculated
from the binding isotherms (Figure 4) indicate∼30-fold
higher affinity of CCT for PC/PG vesicles than for PC/DOPE
vesicles. This is consistent with an electrostatic contribution
of 2 kcal/mol calculated for the binding of a domain M
peptide to PC/PG (1:1) versus PC vesicles (4), but a curvature
elastic stress contribution of only 0.4 kcal/mol, based on
comparison of CCT activation by DOPC/DOPE (1:1) versus
DOPC vesicles (10). CF leakage experiments also indicated
weaker interactions of CCT and domain M peptide with PC/
DOPE LUVs than with PC/PG LUVs (Figure 10A,B). Weak
association of CCT via domain M with membranes contain-
ing class II lipids may result in short-lived complexes that
dissociate faster than the time scale of cross bridging and
aggregation. The stronger binding of CCT to anionic vesicles
may enable the coupling of longer-lived interactions to
aggregation. Such an explanation is in accord with compari-
sons of the relative kinetics of binding (fast) versus aggrega-
tion (slow) of myelin basic protein (46) and mitochondrial
creatine kinase octamer (47). A CCT:vesicle ratio of 80 only
marginally increased the radius of vesicles containing 50%
OA or 33% PG (10 or 15% increase, respectively). The
partition coefficient of CCT for binding to either of these
vesicles was in the range of 5-8 × 105, corresponding to a
∆Gbinding of -7.7 to-8 kcal/mol. Thus, the binding strength
must exceed 8 kcal/mol for generation of stable vesicle
aggregates tethered by CCT. For vesicle interactions weaker
than this, CCT could engage membranes as depicted in
Figure 1A. Alternatively, the CCT domain organization
depicted in Figure 1B may dominate, leading to only one
domain M of the CCT dimer engaged with a bilayer.

FIGURE 11: CCT-induced lipid mixing of PG LUVs monitored by
FRET. The increase in the fluorescence intensity of NBD-PE
(donor) at 515 nm was measured for 30 min after the addition of
CCT. The fluorescence intensity is normalized to the fluorescence
associated with 100% mixing upon solubilization with Triton X-100.
The vesicle concentration was 100µM. Data are averages of two
experiments. The error range falls within the size of the symbol
for some points.
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The Cross-Bridging Vesicle Interaction Is Not Required
for CCT ActiVation. CCT is clearly activated by OA and by
class II lipids, although they are less potent than class I lipids
(Figure 3;2, 3, 11). The data in Figure 3 clearly show that
the enzyme can be fully activated when engaging PC/OA
(1:1) vesicles in a non-cross-bridging mode. The steep
activation curve by OA-containing vesicles (Figure 3) may
result from the synergistic combination of its weak negative
charge in bilayers (48) and its negative curvature strain
effects (49, 50). Synergism between these two features has
been observed in activation and binding analyses with
vesicles containing low levels of anionic lipids and diacyl-
glycerol (2). The question of the consequences of engagement
of one versus two M domains on CCT activity remains,
irrespective of whether the binding arrangement is cross-
bridging. Is engagement of one domain M sufficient for full
activation, half, or none? The answer might be approached
by analysis of CCT heterodimers containing only one
functional domain M.

Biological Implications: The Potential Participation of
CCT in Cellular EVents that InVolVe Membrane Apposition.
The potential participation of CCT in cellular events that
involve membrane apposition was examined. The property
of CCT to mediate membrane apposition is a new aspect of
the interactions of CCT with lipid bilayers that has not been
addressed previously. The work we present here raises many
questions. The most intriguing is whether the ability of CCT
to promote cross bridging of lipid membranes containing
anionic lipids has bearing on the in vivo functions of the
enzyme. A minimum of∼30 mol % anionic phospholipid
was required to observe aggregation in vitro (Figure 6). ER
and nuclear membranes where CCT is engaged contain 20-
30 mol % anionic lipid (17, 18). This establishes the potential
for CCT to cross-bridge cell membranes which occur in close
apposition, possibly promoting that apposition in combination
with a second tethering protein. Low-affinity monomer-
monomer protein interactions can suffice to bring apposed
membranes together in vivo. Overexpressed green fluorescent
protein, which undergoes head-to-tail dimerization, when
fused to the transmembrane domains of ER resident proteins
can induce cross bridging of ER membranes and the
formation of stacked membrane structures in cells (51).
CCT’s dimer interaction is by contrast very strong, requiring
complete protein denaturation for dissociation to monomers
(S. Taneva, unpublished results).

There are numerous examples of proteins that function in
cells to tether membranes that also aggregate phospholipid
vesicles in vitro. The acrosomal sperm protein, bindin, is
involved in adhesion and fusion of sperm-egg plasma
membranes during fertilization (52, 53). Annexin II (54) is
implicated in docking and fusion of lamellar bodies to the
plasma membrane during exocytosis of lamellar bodies from
alveolar epithelial type II cells (55). Myelin basic protein
anchors the cytoplasmic face of two apposed bilayers of the
myelin sheath (56, 57). Surfactant protein A participates in
membrane tethering of multilamellar aggregates of lung
surfactant (58, 59). SNARES also induce vesicle aggregation
in vitro (60).

CCT’s function in the regulation of PC synthesis does not
immediately offer an explanation for a role as a membrane
tether. However, the idea of communication between PC
synthesis and vesicular transport has emerged from many

studies in diverse systems (61-63). CCT null mutations
bypass the requirement for Sec14p in yeast (64) or Nir2 in
mammalian cells (65), essential proteins for secretion from
the Golgi (64, 65), suggesting an inhibitory role of CCT in
vesicular traffic (61). Nir2 can form a complex with a
SNARE-like protein, VAP-B, to promote expansion of ER,
and this complex has been proposed to tether the apposed
membranes of the stacked ER (66). A more direct connection
to tethering is the observation of an interaction of CCT in
vitro with p115 (67), a vesicle-tethering golgin associated
with COPI and COPII vesicles in ERT Golgi traffic (68).
Conceivably, CCT’s vesicle tethering property might facili-
tate its interaction with p115 and/or Nir2.
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