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ABSTRACT. The contributions of electrostatic and hydrophobic interactions in the activation of cytidylyl-
transferase (CT) by various negatively charged lipids were analyzed using small unilamellar or multilamellar
vesicles (SUVs or MLVS). The activation of CT by SUVs containing increasing mole percentages of
anionic phospholipids varied in proportion to the net charge associated with the polar head group, suggesting
an electrostatic component to the activation. However, increasing ionic strength to neutralize the surface
charge enhanced the potency of SUVs containing PA or PG, suggesting that the hydrophobic effect is a
stronger force than electrostatics in driving the interaction of CT with SUVs. On the other hand,
electrostatics played a more important role in the activation by MLVs. Increasing ionic strength decreased
the potency of MLVs containing PG. CT bound to MLVs in the gel state, but was inactive; the enzyme
was only active when the MLVs were in the liquid-crystalline state, suggesting an intercalation event.
Lowering the pH from 7.4 to 6.2 resulted in a decrease in the negative surface charge required for activation.
The binding of CT to PG vesicles was enhanced at acidic pH. The results suggest that at pH 6.2 one or
more amino acids on CT that are involved in lipid binding would be protonated. This could enhance the
electrostatic effect by increasing the positive charge on CT, or it could enhance the hydrophobic effect by
decreasing the negative charge on CT. In addition, maximal activity of CT was decreased at the lower
pH, suggesting that active site residues may also be affected. CT was activated by the synergistic interaction
of diacylglycerol and anionic phospholipid in SUVs. The synergy between DG and PA at low con-
centrations suggests the possibility that these second messenger lipids could concertedly regulate CT and
thus PC synthesis in response to agonists that stimulate PC hydrolysis via phospholipases C and/or D.

CTP:phosphocholine cytidylyltransferase (€19 a key (Choyet al., 1979; Johnsost al.,, 1992; Jamikt al., 1993);
regulatory enzyme in the synthesis of phosphatidylcholine and class Il consists of inhibitory cationic lipids such as
(PC). ltislocalized in the nucleus (Waegal.,1993) where sphingosine (Sohal & Cornell, 1990). DG and fatty acids
its activity is regulated by interconversion between an active can also activate CT in cultured cells (Pelexthal., 1983;
membrane-bound and an inactive soluble conformation. TheCornell & Vance, 1987; Kolesnick & Hemer, 1990; Slack
lipid composition of the target membrane is a principle et al, 1991; Utalet al., 1991).
determinant of the distribution of CT between the two forms  The mechanism whereby these diverse lipid structures can
(Houwelinget al,, 1994; Wang & Kent, 1995). Using pure  modulate enzyme activity is not well understood. The
CT and sonicated vesicles, three classes of lipid modulatorscontribution of the surface charge in the case of class | lipid
of the enzyme’s activity have been established: class | activators has been probed using Triton X-100 mixed
activators include anionic phospholipids and fatty acids micelles (Cornell, 1991a). This study suggested that the
(Choy & Vance, 1978; Feldmaet al, 1978, 1981; Feldman  surface charge density is more important than head-group
& Weinhold, 1987; Cornell, 1991a,b); class Il activators structure. Data from different experimental approaches
include neutral lipids exemplified by diacylglycerol (DG) suggest that a portion of CT intercalates into the nonpolar

core of the lipids when it binds to activating membranes,

* This research was supported by a grant (12134) from the Medical impliying significant hydrophobic interactions (Cornell, 1991b;
Research Council of Canada. Craiget al., 1994; Johnson & Cornell, 1994).

* To whom correspondence should be addressed. Telephone: (604) ; : ; fati PR
291-3709. FAX: (604) 291-5583. There is much evidence implicating a membrane binding

® Abstract published ifdvance ACS Abstractsiuly 15, 1996. function for an amphipathia-helix located between residues
! Abbreviations: CL, cardiolipin; PA, phosphatidic acid; PC, phos- 236 and 293. Deletion of this region, via chymotrypsin
phatidylcholine; PG, phosphatidylglycerol; PI, phosphatidylinositol; PIP, - nroteolysis (Craiget al.,, 1994) or cDNA truncation (Cornell

phosphatidylinositol monophosphate; PS, phosphatidylserine; DG, . .
diacylglycerol; CT, CTP:phosphocholine cytidylyltransferase; di15:0PC, etal, 1995; Wang & Kent, 1995; Yanet al,, 1995), led to

dipentadecanoyl phosphatidylcholin@4]DPPC, PH]dipalmitoylphos- loss of binding to or activation by lipid vesicles containing
phatidylcholine; di15:0PG, dipentadecanoylphosphatidylglycerol; MLVs, oleic acid or DG. A peptide derived from this domain was

multilamellar vesicles; SUVs, small unilamellar vesicles; SLVs, sucrose- ; _hali ionic lini
loaded vesicles; PKC, protein kinase C; PMSF, phenylmethanesulfonyl transformed from random coil ta-helix by anionic “pld

fluoride; DTT, dithiothreitol; ADA, N-(2-acetamido)-2-iminodiacetic ~ vesicles, and its fluorescence was quenched by anionic
acid. vesicles containing brominated PC with bromo groups
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midway down the acyl chain, implying deep penetration of

Arnold and Cornell

were rehydrated in buffer containing 20 mM Tris (pH 7.4)

a tryptophan (Johnson & Cornell, 1994). These studies or 20 mM ADA (pH 5.3, 6.1, or 7.2) containing 0.5 mM

support a model wherein the amphipathic helix lies with its

EDTA. Lipids were sonicated using a Branson Sonicator

axis parallel to the plane of the membrane, its nonpolar facewith a fine probe (80% power) for -515 min on ice.
penetrating into the bilayer core, and its polar face interacting Negligible sonicated lipid was sedimented by centrifugation

with lipid head groups, water, and/or other regions of the
protein.

Although the specific lipids that promote CT activity and

at 2000@ for 5 min. Vesicles were sized using a NICOMP
Submicron Particle Sizer Model 370.
Multilamellar vesicles (MLVs) were prepared by drying

the specific region in the protein that mediates binding have the appropriate volume of lipid and rehydrating as described

been identified, much work remains to elucidate the chem-

istry of this interaction. The relative contributions of

above. The lipid samples were vigorously vortexed, incu-
bated for 10 min at 37C, vortexed again until all lipid was

electrostatic and hydrophobic interactions have never beenﬁn solu_tion, and then plac_ed on ice. Lipids were us_e_d
dissected, nor has the contribution of the charge on theimmediately after preparation. In some cases, the lipid
enzyme. Our work examines more closely the contributions solution was spiked with a small amount GH|DPPC to

of these interactions. In addition, the possibility of coopera-

determine if there was any spontaneous formation of unila-

tive interaction between class | and class Il activators has mellar vesicles. Approximately 10% of the labeled lipid

until now not been investigated. Stimulation by activating
lipids requires nonphysiological concentrations, in terms of
mol percentage of the total lipid, when examined in a lipid
vesicle system. We show that in combination, anionic lipids
and DG synergistically activate CT at physiological levels
of these lipids.

MATERIALS AND METHODS

Materials

The lipids 1-palmitoyl-2-oleoyknglycero-3-phosphate
(PA), 1,2-dioleoylsntglycero-3-phospheoac-1-glycerol (PG),
heart cardiolipin (CL), egg yolk phosphatidylcholine (PC),
soybean phosphatidylinositol (PI), 1,2-diole@ytglycero-
3-phospha--serine (PS), dipentadecanoylphosphatidylcholine
(di15:0PC), and dipentadecanoylphosphatidylglycerol (dil5:
OPG) were purchased from Avanti Polar Lipids. Diacyl-

remained in solution after the multilamellar vesicles were
pelleted at 20009 for 20 min.

CT Actwity Assay A solution containing CT, MgG]
CTP, DTT, and NaCl was added to lipid vesicles of various
composition. The reaction was initiated by the addition of
[®H]phosphocholine for a final assay volume of &l
containing 50 mM Tris, pH 7.4, 12 mM Mg&l3 mM CTP,

10 mM DTT, 200uM lipid, 0.1 mM EDTA, 88-300 mM
NaCl, 0.2-0.3 ug of CT, and 3-7 uM Triton X-100. In
some assays ADA (44 mM, final concentration) was used
instead of Tris. In experiments where the pH was varied,
we tested the pH of the final reaction mixture. The reaction
was stopped after 25 min at 3€ unless otherwise indicated
by adding 30uL of methanol/ammonia (9:1). The rate of
the reaction was linear within the time frame of the assay.
Analysis of the formation ofH]CDP-choline was performed
as described previously (Sohal & Cornell, 1990).

CT Binding Assay with MLVsThree micrograms of CT,

egceroI (DG) was prepared from egg PC by phosphollpase 10 mM DTT, and 88-300 mM NacCl, with or without 12

C digestion as described by Myher and Kuksis (1979). Less |
than 1% was in the 1,3 isoform as determined by TLC. mM MgCl; and 3 mM CTP, were added to 1 mM MLVs

[methyl*H]Choline chloride and®H]dipalmitoylphosphati- containing DOPG/egg PC (1:1) or di150PG/di15:0PC (1:1).

dylcholine (BH]DPPC) were obtained from DuPont NEN. The solutions were incubated at room temperature for 5 min,

[*H]Phosphocholine was prepared frorH[choline as  followed by centrifugation at 200@0for 20 min, which
described by Cornell (1989). Leupeptin, chymostatin, an- sedimented 90% of the lipid as assessed by tracking with

tipain, pepstatinp-aminobenzadine, benzamidine, phenyl- trace amounts ofH]DPPC. The quantity of CT in the pellet _
methanesulfonyl fluoride (PMSF), cytidine triphosphate, ando supernatant was analyzed_ by SDS gel electrophor_eSIS
dithiothreitol (DTT), Triton X-100, DEAE-sepharose, and (12% polyacrylamide) (Laemmli, 1970) followed by densi-

L-a-phosphatidylinositol 4-monophosphate (PIP) were sup- tometry of Coomassie Sta"?ed. _gels (Microtek Scanmaker
plied by Sigma. Hydroxyapatite was purchased from Bio- densitometer). MY had no significant effect on the amount

Rad. All other chemicals were reagent grade. of CT in the pellet. ,
CT Binding Assay with SLVsSucrose-loaded vesicles

(SLVs) were prepared by drying chloroform solutions
containing trace amounts olH]DPPC as described above.
Purification of Cytidylyltransferase CT was purified from Lipids were rehydrated in 20 mM TES, pH 5:8.3,
baculovirus-infected insect cells as described by MacDonald containing 170 mM sucrose. Lipid suspensions were sub-
and Kent (1993) with modifications (Cornedt al,, 1995).  jected to five freezethaw cycles followed by extrusion in
CT was stored in small aliquots &80 °C in 50 mM Tris-  a Liposofast extruder (Avestin, Inc., Ottawa, ON) through a
HCI, pH 7.5, 150 mM NaCl, 1 mM EDTA, 200 mM KH 0.1 um polycarbonate filter. The extruded vesicles were
PO, 2 mM DTT, 0.05% Triton X-100, and protease diluted 4-fold in a solution containing 50 mM TES, pH 5.8
inhibitors (2.54g/mL leupeptin, 2«g/mL chymostatin, g/ 8.3, and 133 mM NaCl. Following centrifugation at
mL antipain, 2ug/mL pepstatin, 1qg/mL p-aminobenza-  10000@, 20 °C for 30 min, three-fourths of the supernatant
dine, 10xg/mL benzamidine, and 2 mM PMSF) was removed, and the lipid pellet was resuspended by
Preparation of Lipids Lipid stocks were stored as vortexing. The concentration of the lipid was monitored by
chloroform solutions, and their concentrations were deter- the trace amounts offi]DPPC present. These SLVs were
mined by a phospholipid phosphorus assay (Bartlett, 1959).then added to the assay mixture for a final concentration of
Small unilamellar vesicles (SUVs) were prepared by solvent 80 mM TES, pH 5.8-8.3, 3ug of CT, 10 mM DTT, 110
evaporation under a stream of nitrogen. Residual chloroform mM NaCl, 5 mM sucrose, 3@M TX-100, 9 mM KH,PQ,,
was removed by placing the lipids under vacuum. The lipids 2 mM Tris, and 0.6 mM lipid (0O and 40 mol % PG). The

Methods
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Ficure 1: Anionic lipid stimulation of CT (A) CT activity was measured in the presence of egg PC SUVs contairi2@ @nol % of the
anionic lipids CL (), PA (@), PG (»), PI (), and PS) (200uM total lipid). Error bars represent the standard error of the mean-6f 6
sets of data. B) CT activity was measured in the presence of egg PC SUVs contaitingd % PIP®) or CL (O). Error bars represent

the standard error of the mean of 8 sets of data.

assay mixture was incubated for 10 min at®ZDand then
centrifuged at 1000@p for 30 min, 20 °C. The pellet
contained 90% of the lipid. The quantity of CT in the

supernatant and pellet was analyzed by gel electrophoresis

followed by densitometric analysis as described above.

RESULTS

Activation by Anionic Lipids The effect of anionic lipids
of varying net charge on the activity of CT was tested by
the incorporation of varying mole percentage into egg PC
SUVs (Figure 1). For all experiments, CT activity in the

presence of PC alone was treated as background activity.

The difference between CT activity in the absence of lipid
and the presence of 2Q(M PC was not significant. The
mole percent anionic lipid required for full activation was
3% for phosphatidylinositol monophosphate (PIP)>-8
negative charges at neutral pH), 5% for cardiolipin (CL) (2
negative charges), 7% for PA{2 negative charges), and
20% for phosphatidylglycerol (PG), phosphatidylserine (PS),
or phosphatidylinositol (PI) (single negative charge. Thus,

nmol CDP-choline/min/mg

mol % DG

Ficure 2: Activation of CT by DG. CT activity was measured in
the presence of egg PC SUVs containingl® mol % DG (200
uM total lipid). Error bars represent standard error of the mean of
triplicate experiments.

sodium, the lower the effective negative charge at the

activation is related to the net charge on the phospholipid membrane surface. The effect of the medium ionic strength

head group. The relatively poor magnitude of activation by
Pl may be a result of the bulky sugar group, inositol,
compared to PG (glycerol) or PS (serine). PIP, with a

on PA-stimulated CT activity is shown in Figure 3A. Higher
ionic strength decreased the maximal activity obtained in
the presence of SUVs containing saturating concentrations

phosphoinositol head group, was also a poor activator of PA. A similar effect of medium ionic strength has been

(maximal activity was 3-fold lower than that obtained with
CL, PA, PG, or PS).

CT activity showed a sigmoidal dependence on the
concentration of anionic lipids tested. The sigmoidal be-
havior may reflect the combined effects of increases in

observed for the lipid requiring enzyme monoacylglycerol
acyltransferase (Bhat et al., 1995). When 300 mM NacCl,
instead of 88 mM, was included in the assay mixture, the
concentration of PA needed for half-maximal activation of
CT shifted from 5 mol % to 3 mol %. The dependence on

surface charge and curvature. Average vesicle diametershe PA content of the vesicle was less sigmoidal at the higher

were similar for 200 mol % PC (6& 4 nm) and 10 mol %
PG (70+ 8 nm), but decreased for 10 mol % PA (304
nm) as measured by the NICOMP Particle Sizer.
Activation by Diacylglyceral The effect of the neutral
lipid DG, incorporated into PC vesicles, on CT activity was
examined (Figure 2). CT was half-maximally stimulated by
4 mol % DG with maximal stimulation occurring at 15 mol
% DG. The activation was not sigmoidal, in contrast to the
activation by anionic phospholipids. Maximal CT activation
was approximately 3-fold lower in the presence of DG
compared to the anionic lipids CL, PA, PG, PS, and PI.
Effect of lonic Strength on Lipid Stimulated Adty in
SUVs The role of electrostatics in lipid binding and
activation of CT was explored by varying the medium ionic

strength. The higher the concentration of the counterion,

NaCl concentration. These results are opposite to what
would be expected if the lipid negative charge played an
exclusive role in the activation of CT by anionic lipids.
Similar results were seen with SUVs containing PG (results
not shown). Vesicle size was not affected by change in ionic
strength as determined by NICOMP analysis. The average
diameter of SUVs containing 10 mol % PA was 3% nm

in the presence of 88 mM NaCl and 30 10 nm in 300
mM NaCl. Similarly, the average diameter of SUVs
containing 10 mol % PG was A 8 nm in the presence of
88 mM NaCl and 6Gt 10 nm in 300 mM NaCl. Therefore,
the observed effect on activity could not be attributed to
changes in vesicle size or curvature. The increased NacCl
concentration may be screening the negative charge, neutral-
izing the electrostatic component involved in the activation,
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Ficure 3: Effect of ionic strength on PA-stimulated CT activity in SUVs. (A) CT activity was measured in the presence of egg PC SUVs
containing increasing concentrations of PA-D mol %) (200uM total lipid) and in the presence of 8®) or 300 @) mM NaCl. Data

are means of duplicate experiments. (B) CT activity was measured in the presence of egg PC SUVs containing increasing mol % DG (200
uM lipid) in the presence of 88) or 500 @) mM NacCl. Error bars represent the standard error of the mean of four sets of data.
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Ficure 4: Effect of ionic strength on PG-stimulated CT activity in MLVs. (A) CT activity was measured in the presence of egg PC MLVs
containing G-80 mol % DOPG at 88 mML() or 300 mM @) NaCl. Data are means of duplicate experiments. (B) CT activity was
measured in the presence of MLVs containing egg @0of DOPG/egg PC (1:1)X) (500uM total lipid) at increasing NaCl concentrations.
Error bars represent the standard error of the mean of four sets of data.

but at the same time enhancing the hydrophobic component1 e 1: Effect of Lipid Phase on CT Activation

The effect of ionic strength on the DG-stimulated CT

L . . . mM  spact., % bound, spact., % bound,
activity was examined (Figure 3B). lonic strength should lipid NaCl 20°C 20°C 37°C 37°C
not vary the effective charge at the surface of net neutral

) egg PC/DOPG 88 250+60 40+8 320+3 60+3
membranes. The presence of 500 mM NaCl shifted the DG :
concentration necessary for maximal activation from greater 300 80+40 114+3 130+5 10£2
than 15 mol % to 5 mol %. This result also suggests an dil(5:0l;C/dil5:0PG 8 0 70£6 380+£20 70£2
11

enhanced hydrophobic effect as a result of an increase in
medium ionic strength. =CT activity (ol of CDP-chol pp— 3

; imid_Gti Adty i activity (nmol o -choline mint mg) was measured in

MEIITIeCt OIT |0I’\I}C St:’engfphon Lllpld SftImIUIattedt ti n d the presence of 1 mM MLVs in the gel state (di15:0PG/PC at@p
ufilame _ar . esic e_s € roles _0 electrostatics an and in the liquid-crystalline state (all others) at 88 and 300 mM NaCl.
hydrophobic interactions of CT with planar MLVS were The percent CT bound to MLVs was determined as described in
examined. In contrast to the effect of ionic strength on the Methods. The lipid-independent activities and the percent CT in the
stimulation by SUVs, higher ionic strength increased the pellet fraction, in the absence of vesicles, were subtracted from the

concentration of anionic lipid required for stimulation (Figure Values reported. For the values reported as 0, the average specific
activities were less than specific activities obtained in the absence of

4A). MLVs composed of egg PC or egg PC/DOPG (1:1) jipiq vesicles. Error is reported as standard error of the mean-&f 4
were tested as CT activators as a function of medium NaCl sets of data at 20C and as the average of 2 sets of data atG7

concentration (Figure 4B). PG-stimulated activity decreased
30% in the presence of 88 mM NaCl and 85% in the presencegel state, these lipids were poor activators compared to their
of 500 mM NacCl. This indicates a significant ionic strength effects in the liquid-crystalline state (3T). The activity
effect on the stimulation of CT by MLVs containing anionic in the presence of di15:0PG/di15:0PC (1:1) vesicles in the
phospholipid. gel state did not increase the activity above that of the lipid
If ionic interactions alone suffice to activate CT, the minus control samples. CT was in fact bound to the dil5:
activity would be insensitive to the lipid phase. However, OPG/di15:0PC MLVs at 20C, as assessed by sedimentation,
PG/PC MLVs in the gel state were unable to stimulate CT and this interaction could be disrupted by 300 mM NacCl,
activity (Table 1). Mixtures of di15:0PG/di15:0PC have a indicating that it was electrostatic in nature (Table 1). These
phase transition temperature around°86in the presence  results suggest that electrostatic interactions play a role in
of 10 mM MgCk (Cornell, 1991b). At 2C°C, i.e,, in the the association of CT with MLVs but that activation of the

300 0 0 21020 30+2
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Ficure 6: Effect of pH on CT binding. CT binding was measured
in the presence of egg PC SLVs containingX) 6r 40 mol % PG

(®) (600uM total lipid). Greater than 90% of the lipid was in the
pellet fraction. Data areu@ of CT in pelletitg of CT in pellet+
supernatantx 100. Error bars represent the average of two sets of
data.
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potency of PA. However, Figure 5A shows that less PA
was needed to stimulate CT at pH 6.2 than 7.4. Moreover,
the charge on PG would not be affected by a change in pH,
yet the same effect of pH was observed with PG as with PA
(Figure 5B). Maximal activity of CT in the presence of PA
or PG was decreased by approximately 50% at pH 6.2.
mol % PG Maximal activity in the presence of SUVs containing 10 mol
% PA was 6004+ 20 nmol of CDP-choline mint mg* at

pH 7.4 and 300t 20 nmol of CDP-choline mint mg at

pH 6.2. Activity in the presence of SUVs containing 10
mol % PG was 506t 10 nmol of of CDP-choline mint
mg ! at pH 7.4 and 30@: 10 nmol of CDP-choline mint
mg! at pH 6.2.

The shift to a lower lipid charge requirement for activation
was also observed at pH 6.1 using ADA buffer (Figure 5C)
and pH 5.7 using MES buffer (data not shown). These
buffers have K.s of 6.60 and 6.15, respectively. The ionic
strength of the assays was kept constant. Although there
00 5 % 15 were minor differences in the activation curves, depending

mol % PG on the buffer system employed, lower pH consistently
reduced the concentration of PA or PG required for the

FIGURe 5: Effect of pH on PA- and PG-stimulated CT. CT activity S . .
was measured in the presence of egg PC SUVs containing@ctivation. Decreasing the pH lower than 5.7 resulted in an

increasing mol % PA or PG (2Q0M total lipid). Panels Aand B: ~ almost complete loss of activity. Maximal activity in the
Tris buffer was used at pH 6.2 (closed symbols) and 7.4 (open presence of ADA buffer and SUVs containing 15 mol %
symbols). Maximal activity was 30& 20 and 600+ 20 nmol of PG was 400 nmol of CDP-choline mihmg* at pH 7.2

i iml 1 i )
CDP-choline mint mg~? for PA and 300+ 10 and 50Gt 10 nmol and 280 nmol of CDP-choline midimg  at pH 6.1. Thus,

of CDP-choline min® mg~for PG at pH 6.2 and 7.4, respectively, ...~ ©. . .
and represents the averages of 3 (PA) and 2 (PG) separate't is likely that the pH change was directly affecting CT,

experiments. (Panel C) CT activity was measured in ADA buffer €.9., by titrating an acidic group involved in membrane
at pH 6.1 (closed symbols) and 7.2 (open symbols) Assays werebinding or in catalysis, and that the decrease in the charge
performed at 20°C . Maximal activity was 280 nmol of CDP-  of pA was compensated by an increase in the positive charge
choline mim! mg=* at pH 6.1 and 400 nmol of CDP-choline min of CT

mg~! at 7.2. Results are the average of duplicate experiments. )

Activity, % maximal

0 5 10

100

50

Activity, % maximal

A role for an effect of pH on the catalytic domain was
enzyme requires additional interactions achieved only by investigated using a CT mutark228) (Cornellet al., 1995)
lipids in the liquid-crystalline phase. lacking the membrane binding domain and the phosphory-
Effect of pH on Anionic Lipid-Stimulated Agtly. To lation domain, but containing the catalytic domain. Wild
further explore the electrostatic nature of the interaction type andA228 were expressed in COS cells (Corretlhl.,
between CT and anionic lipids, the effect of pH on 1995), and activity was analyzed in the cytosolic fraction.
PA-stimulated activity was also examined (Figure 5A). The The activity of this mutant in the presence of 3.5 mol % PA
second proton on the phosphate group of PA has<afgh (SUVs) was 360+ 7 and 1404+ 20 nmol of CDP-choline
8 (Tocanne & Teiss$iel990). Changing the pH from 7.4to  min~* mg* at pH 7.4 and 6.2, respectively.
6.2 would result in slightly less charge associated with PA.  If the pH change was directly affecting the membrane
If the lipid negative charge alone dictates the -&ipid binding region of CT, decreasing the pH of the solution
interaction, this shift to lower pH should have weakened the should increase the ability of CT to bind to vesicles
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FIGURE 7: Synergistic activation of CT by phosphatidic acid and diacylglycerol. CT activity was measured in presence of egg PC SUVs
(200uM lipid) containing the indicated concentrations of PA without D% br with (A) 2.5 mol % DG @) or (B) 1 mol % DG @). Error

bars in panel A represent the standard error of the mean of six sets of data. Error bars in panel B represent the standard error of the mean

of three sets of data. Notice that the scales ofxlaes differ in panels A and B.

containing anionic lipid. As shown in Figure 6, sucrose-
loaded vesicles (SLVs) containing 40 mol % PG bound 30%
of the CT at pH 7.3 and 75% of the CT at pH 6.7. The

change in pH had little effect on the binding of CT to SLVs

composed of PC alone. This result directly implicates the
membrane binding region of CT in the response to pH
change.

Synergistic Interaction between Diacylglycerol and An-
ionic Lipids. The data in Figures 1 and 2 indicated that the
mole percent of anionic phospholipid or DG required for
full activation in lipid vesicles exceeds that found in nuclear

membranes. We then assessed the effect of combination

of two activators. CT activity was stimulated by egg PC
SUVs containing increasing mole percent of PA in the
absence or presence of 2.5 mol % DG (Figure 7A). At
concentrations<5 mol %, PA had little effect on the CT
activity. Similarly, 2.5 mol % DG only slightly activated
CT. However, the presence of 2.5 mol % DG with 2.5 mol
% PA stimulated CT activity 20-fold over activity in the
presence of 2.5 mol % PA alone (from 20 nmol of CDP-
choline mirm! mg to about 430 nmol of CDP-choline mih
mgY). Thus, the effects of 2.5 mol % PA plus 2.5 mol %
DG were synergistic. Lower concentrations of DG were also
capable of interacting in a synergistic manner with PA to
stimulate CT activity. Figure 7B shows the effect of 1 mol
% DG in combination with 84 mol % PA. There was no
significant stimulation of CT by 1 mol % DG alone.
However, the combination of 1 mol % DG and 0.5 mol %
PA stimulated CT activity 10-fold over activity in the

Table 2: Synergistic Effects of Diacylglycerol and Anionic
Phospholipids on CT Activity

sp act. without DG N

lipid activator sp act. withDG N

70+ 10 55
CL 370+ 40 3 7004 40 3
PA 20420 11 4304 20 8
PG 1304 20 22 370+ 30 13
PI 504 20 6 2904 20 6
PS 90+ 20 11 380+ 30 6
oleic acid 20+ 5 3 190+ 10 3
PIP 10+ 10 3 270+ 101 3

aCT activity (nmol of CDP-choline mint mg1) was measured in
the presence of egg PC SUVs containing 2.5 mol % anionic lipids or

Dleic acid (except PIP) either without or with 2.5 mol % DG. The

total lipid concentration was 2Q0M. PIP was present at 0.25 mol %

in egg PC SUVs without or with 2.5 mol % DGN is the number of

data points averaged, and the error is reported as the standard error of
the mean.

shown). The effect of two anionic phospholipids in com-
bination on CT activity was also examined and found to be
additive (data not shown).

DISCUSSION

Role of Electrostatic’s Hydrophobic Interactions The
electrostatic component in the activation of CT by vesicles
containing anionic phospholipids was evidenced by the
following: First, CT activity was enhanced by an increase
in the negative charge associated with the phospholipid in
SUVs. The order of potency for stimulation by anionic lipids
was PIP> CL > PA > PG= PS> Pl > PC. Second,

presence of PA alone. The synergistic activation of CT was increased ionic strength inhibited the effectiveness of anionic

not restricted to stimulation by DG and PA. DG also
synergized with other anionic phospholipids. CT activation
by 2.5 mol % CL, PA, PG, PS, PI, or oleic acid or 0.25 mol

lipids as components of MLVs (Figure 4), large unilamellar
vesicles (data not shown), and Triton X-100 mixed micelles
(Cornell, 1991a). These results indicate an electrostatic

% PIP in the absence and presence of 2.5 mol % DG is component is involved in the activation of CT.

shown in Table 2. In all cases, the activation of CT by the
combination of DG and an anionic lipid was greater than
additive. PA had the greatest synergy with DG followed
by PIP, PS, oleic acid, PIl, PG, and CL. Synergism was

On the other hand, increasing ionic strengtthancedhe
effectiveness of anionic lipids and DG when tested as
components of SUVs. While an increase in ionic strength
decreases electrostatic interactions, it enhances hydrophobic

observed only when vesicles were employed. No synergisminteractions. These data indicate that hydrophobic interac-

of DG and anionic phospholipids was observed when
analyzed as components of Triton X-100 mixed micelles
(data not shown). There was no synergistic activation

tions, rather than electrostatic, are more significant in the
activation of CT by lipids when presented as SUVs. The
differences in lipid packing properties of MLVs versus SUVs

between oleic acid and anionic phospholipids in vesicles (datacould account for these different responses. The enhanced

not shown). Cholesterol had no effect on CT activity, alone
or in combination with a negatively charged lipid (data not

hydrophobic driving force resulting from the increased
medium ionic strength may be insufficient to overcome the
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penetration barrier of planar MLVs, but sufficient to drive in the concentration of both PA and PG needed for activity
penetration of CT into the more loosely packed SUVs. at lower pH (lower membrane charge requirement). In
Hydrophobic interactions are also important in the activa- addition, lower pH enhanced CT binding to vesicles contain-
tion of CT by MLVs. In the gel state, MLVs containing ing PG. A model in which pH affects only the catalytic
PG did not activate CT, suggesting that if CT could not insert domain cannot account for these results. Rather the results
into the membrane it could not be activated. CT was, argue favorably for a direct effect of pH on the membrane
however, electrostatically associated with these membranesbinding domain of CT. There are 1 histidine and 13
An electrostatic interaction with MLVs could be required to glutamate plus aspartate residues in the membrane binding
concentrate CT at the membrane surface, thereby increasinglomain. Protonation of one or more of these amino acids
the probability of overcoming the penetration barrier, result- would increase the positive charge associated with this
ing in activation. domain. Recently, Leenhoutt al, (1995) showed that
These data indicate that CT activation follows a two-step membrane insertion of a peptide containing glutamic acid
process (binding followed by intercalation), with a complex was enhanced by anionic phospholipids through protonation
interplay between electrostatic and hydrophobic components.of the peptide’s glutamyl group. Membrane insertion was
The importance of electrostatics depends on the lipid packingrelated to a lower pH at the membrane interface, a result of
density of the membranes: the tighter the packing, the greaterthe accumulation of protons at the negatively charged
the role of electrostatics in binding. It is clear from all the membrane surface. Thus, in addition to their role in
data that intercalation (hydrophobic interaction) is required promoting electrostatic interactions, the mechanism whereby
for conversion to the enzyme’s active form. anionic lipids promote CT binding and activation may
Somewhat surprising was the observation that the mag-involve the creation of a more hydrophobic lipid binding
nitude of maximal activation was lower for Pl or PIP than surface in CT. This provocative idea can be tested by
for the other acidic lipids. The negatively charged head examining the effects of mutations at specific acidic residues
groups of Pl and PIP provide electrostatic binding with CT, on the lipid specific activation. The recently solved NMR-
but their bulkiness might interfere with intercalation into the derived structure for the membrane binding domain of CT
bilayer core, which provides the hydrophobic stabilization bound to SDS reveals three interfacial glutamate residues
required for activation of CT. In accordance with this (257, 268, and 279) which are prime candidates for mutation
proposal, Pl was just as effective as PS and PG when testedS. Dunne, R. B. Cornell, J. Johnson, and A. Tracey,
as components of a Triton X-100 micelle, which is more submitted for publication iBiochemistry.
highly curved and more loosely packed in the interfacial ~ Synergism between DG and Anionic Phospholipi8gn-
region than bilayer vesicles (Cornell, 1991a). Moreover, the ergistic interaction between lipids has been demonstrated for
partition coefficient of CT for Pl vesicles was 3-fold lower other proteins. The synergistic relationship between DG and
than for PG or PS vesicles, as determined from the PS has been well characterized for activation of protein
equilibrium distribution between membrane and aqueous kinase C (PKC) (Bell & Burns, 1991; Newton, 1993). DG
phases using sucrose-loaded vesicles (Arnold and Cornelland PA act synergistically to stimulate NADPH oxidase
unpublished results). (Qualliotine-Manret al., 1993). In addition, previous work
The Charge on CT Influences Awttion by Membranes by Sleight and Dao (1990) demonstrated a synergistic
There are several examples of pH changes affecting protein activation of CT by phosphatidylethanolamine and oleic acid.
lipid interactions. Tetanus toxin, which interacts with acidic Our work clearly shows a synergistic interaction between
lipids, binds more readily to membranes at an acidic pH. It DG and anionic lipids in the stimulation of CT, with the
was suggested that lowering the pH causes protonation ofhighest degree of synergy between DG and PA. The
one or more groups on the toxin, leading to higher affinity mechanism of synergism between DG and anionic lipids is
for membranes (Schiavet al, 1991). The protonation of  unknown. Since a bilayer rather than micellar organization
acidic residues is also required for the insertion of influenza was required for the synergistic effects, a perturbation of
virus hemagglutinin into membranes (Yet al., 1994). bilayer packing is suggested. The activation of CT requires
Similarly, cytochromec had a higher affinity for CL- membrane intercalation which is facilitated by defects in the
containing membranes at a lower pH. Lowering the pH regular bilayer packing (Cornell, 1991b). It is interesting
resulted in an increase in the net positive charge on thethat DG promotes negative curvature, while the anionic lipids
protein, facilitating binding (Rytmaaet al., 1992; Rytonaa promote positive curvature. Both induce packing defects.
& Kinnunen, 1994). In our study, the pH was lowered from  CT was activated nearly maximally at concentrations as
7.4 to ~6 to reduce the negative charge on PA. We low as 1 mol % DG and 2 mol % PA in PC SUVs. These
anticipated a reduced effectiveness of PA. However, lower- concentrations approach those found in membranes of
ing the pHincreasedthe potency of PA. It is unlikely the  stimulated cells (Getet al., 1968; Preisst al., 1986; Farese
increase was caused by a change in the charge on PA sincet al,, 1987; Leachet al, 1992). The synergism between
PG-stimulated activity was affected in a similar manner. DG and anionic lipids may have physiological relevance to
Instead, the reduction in pH may have affected the chargethe control of PC metabolism in cells. Stimulation of cells
on CT by protonating one or more residues at the active site,with growth factors, or other agonists which promote PC
or in the amphipathic membrane binding domain, or both. degradation, leads to increases in levels of DG, PA, and
Evidence in support of a change at the active site of CT arachidonic acid. These same agonists also stimulate PC
includes 1) a decrease in maximal activity observed at pH synthesis (Billah & Anthes, 1990). PC synthesis may be
6.2 vs pH 7.4 and (2) a CT mutam228 (Cornellet al., stimulated by the synergistic effects of DG, PA, and/or
1995), lacking the membrane binding domain and the arachidonic acid on the activity of CT, the rate-limiting
phosphorylation domain, but containing the catalytic domain, enzyme.
was less active at pH 6.2. Other data implicate a pH effect Mechanism of CFLipid Interactions How does CT
on the membrane binding domain. There was a reduction compare to other amphitropic proteins in its interaction with
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lipids? A mechanism emerging from studies on the mem-
brane interaction of the synapsins (Benfeeatil., 1989a,b;
Valtorta et al, 1992) and SecA (Breukinlket al., 1992;
Hendrick & Wickner, 1991; Ulbrandtt al., 1992) involves
an initial electrostatic interaction, which locates the protein
at the surface, followed by a hydrophobic insertion of the

Arnold and Cornell

Feldman, D. A., & Weinhold, P. A. (1987). Biol. Chem. 262
9075-9081.

Feldman, D. A., Kovac, C. R., Dranginis, P. L., & Weinhold, P.
A. (1978)J. Biol. Chem. 2534980-4986.

Feldman, D. A., Brubaker, P. G., & Weinhold, P. A. (1981)
Biochim. Biophys. Acta 66%3—59.

Gerads, I., Govers-Riemslag, J. W. P., Tans, G., Zwaal, R. F. A,,

protein into the membrane core. CT also appears to follow & Rosing, J. (1990Biochemistry 297967-7974.

this mechanism. These proteins interact electrostatically an
hydrophobically with anionic phospholipids with no apparent
specificity toward phospholipid head group.

The mechanism of CT interaction with membranes differs
from that employed by PKC or prothrombin, which show
specific requirements for PS (Bell & Burns, 1991; Newton,
1993; Geradst al., 1990; Lentzt al,, 1991; Orr & Newton,
1992). Like PKC, CT activity is affected by the synergistic
interaction of DG with anionic lipids. The apparent coop-
erativity is probably not a result of specific binding sites on
CT since there is a lack of specificity in anionic lipid
stimulation. Rather, the sigmoidal curve may result from

gGetz, G. S., Bartley, W., Lurie, D., & Notton, B. M. (196Bjochim.

Biophys. Acta 152325-339.

Hendrick, J. P., & Wickner, W. (1991). Biol. Chem266, 24596~
24600.

Houweling, M., Jamil, H., Hatch, G. M., & Vance, D. E. (199%)
Biol. Chem. 2697544-7551.

Jamil, H., Hatch, G. M., & Vance, D. E. (1998jochem. J. 291
419-427.

Johnson, J. E., & Cornell, R. B. (1998jochemistry 334327
4335.

Johnson, J. E., Kalmar, G. B., Sohal, P. S., Walkey, C. J.,,
Yamashita, S., & Cornell, R. B. (199Bjiochem. J. 285815—
820.

Kolesnick, R. N., & Hemer, M. R. (1990). Biol. Chem. 265
10900-10904.

the simultaneous increase in surface charge and vesiclg gemmii, U. K. (1970)Nature 227 680-685.

curvature with increase in mole percent anionic phospholipid,
which perturbs phospholipid packing. The interaction of DG
with the two proteins also appears to be different. Protein
kinase C has a specific binding site for DG, a cysteine-rich
motif (Zhanget al., 1995), which is not present in CT. PKC
is activated by Triton X-100 mixed micelles containing PS
and 1 mol % DG whereas CT is not activated by DG in
Triton X-100 micelles. Thus, the activation of CT by DG
is more likely due to DG-induced perturbation of membrane
lipid packing, similar to the interaction of apolipophorin IlI
and DG (Soulagest al., 1995).
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