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ABSTRACT: The lateral membrane organization of phosphatidylserine, diacylglycerol, substrate 2and Ca
dependent protein kinase C in large unilamellar vesicles was investigated by using fluorescence digital
imaging microscopy. The formation of phosphatidylserine domains could be induced by eitheth&a
MARCKS peptide, or protein kinase C. However, only?Caould induce diacylglycerol to partition

into the phosphatidylserine domains. In the complete protein kinase C assay mixture, two separate triple-
labeling experiments demonstrated the colocalization of phosphatidylserine, protein kinase C, diacylglycerol,
and the MARCKS peptide in domains. The amounts of all the labeled components in whole vesicles and
in domains were measured at various concentrations of either phosphatidylsefhedi@eaylglycerol,

or the MARCKS peptide or with the addition of polylysine. The role of each component in forming
membrane domains and in mediating the enzyme activity was analyzed. The results indicated that the
inclusion of the MARCKS peptide in the domains, not just the binding of the substrate to vesicles, was
especially important for PKC activity. The formation of PKC domains required the presence of DAG
and C&" at physiological ionic strength. The PKC activity was proportional to the amounts of PKC and
substrate in the domains. The results also showed that the MARCKS peptide left the domains after being
phosphorylated. A model for the activation of protein kinase C involving sequestering of the reaction
components into membrane domains is proposed. The efficiency of the reaction was greatly increased
by concentrating the activators, the enzyme, and the substrate into domains.

The activation of protein kinase C (PKQEpresents one  al., 1985; Lee & Bell, 1989). The association of PKC with
of the best examples of how extracellular signals are membranes was observed using light-scattering and fluores-
transduced across the cell membranes to alter cellularcence energy transfer measurement (Bazzi & Nelsestuen,
metabolism. This ubiquitous protein is a family with at least 1987a,b, 1991a,b, 1992), and for example, PKC binding
11 members (Bell & Burns, 1991; Liscovitch & Cantley, shows a steep dependence on the concentration of PS
1994; Dekker & Parker, 1994). Most of them are regulated (Newton & Koshland, 1989; Hannun & Bell, 1990; Mosior
by phosphatidylserine (PS) and diacylglycerol (DAG), but & Epand, 1993).
only some of them require €afor activity (Nishizuka, 1986; Fluorescence digital imaging microscopy provides a sensi-
Bell & Burns, 1991; Newton, 1994). The activation of PKC  tiye means to study the lateral distribution of membrane
in cells is believed to occur through_agngl transducthp components (Rodgers & Glaser, 1993a,b). Domains visual-
cascades. When a variety of agonists bind to SpecifiC jzeq py this technique can be important in activating PKC
receptors on the cell surface, one response is increasingyang & Glaser, 1995). The method can also be used for
hydrolysis of phosphoinositides (R)Pto produce inositol  measuring the compositions and enrichment of particular
1,4,5-triphosphate (§pand DAG. IR mobilizes C4&"; then molecular species in membrane domains (Luan et al., 1995).
the increased CGa and DAG activate PKC (Bell & Burns, In this paper the ability of labeled PKC (Badependent
1991). . . isoforms), PS, DAG, and a substrate (the MARCKS peptide)

A number of studies on PKC have been directed at the (5 form domains in vesicles was examined. The MARCKS
cofactors involved in the PKC reaction. The aqt|vat|qn of peptide was chosen as a model PKC substrate since it is often
PKC by PS, DAG, and phorbol ester has been investigated,;geq to assay PKC. The 25 amino acid basic peptide
in mixed micelles to obtain defined conditions (Hannun et -qntains the phosphorylation sites of MARCKiyfistoy-
latedalaninerich C kinasesubstrate), which is a prominent
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lycerol; dansyl, 5-(dimethylamino)naphthalene-1-sulfonyk-@ansyl- MATERIALS AND METHODS
PC, 1-acyl-2-{114dansylamino)undecanoyl]phosphatidylcholine; EDTA,
ethylenediaminetetraacetic acid; EGTA, ethylene glycolbétino- Materials. Poly(-lysine) (4500 Da) was purchased from

ethyl ether)N,N,N,N'-tetraacetic acid; IPinositol 1,4,5-triphosphate; . - .
MARCKS, myristoylated alanine-rich C kinase substrate; NBD, 7-ni- Sigma Chemical Co. (St‘ Louis, MO)‘
trobenz-2-oxa-1,3-diazol-4-yl; NBD-PS, 1-acyl-2-[6-(N-NBD-amino)- Purification of Protein Kinase C.Purification of C&"-

caproyl]phosphatidylserine; PC, phosphatidylcholinePpRosphati- ; ;
dylinositol 4.5-diphosphate; PKC. protein kinase C: PMSF, dependent isoforms of PKC from cow brain homogenate was

phenylmethanesulfonyl fluoride; PPO, 2,5-diphenyloxazole; PS, phos- aChieve_d using a two-step method. Preparation of inSi_de'
phatidylserine; Tris, tris(hydroxymethyl)aminomethane. out vesicles from erythrocyte ghosts was performed using
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the method described by Bennett et al. (1983) and Wolf et (Kodali et al., 1990).

al. (1985a,b). Binding of PKC from cow brain homogenate
to the inside-out vesicles was accomplished following the
procedures described by Wolf et £1985a,b) and Niedel et
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In this solvent system, dansyl-1,
3-DAG migrates faster than dansyl-1,2-DAG, wihvalues

of 0.41 and 0.28, respectively. The concentrations of the
products were determined by dansyl absorbance at 335 nm

al. (1983). PKC was bound to the inside-out vesicles in the with an extinction coefficient of 4300 M cm .. The yields

presence of G4 but was released from the vesicles upon
the addition of EDTA and EGTA. Phenyl-Sepharose chro-
matography was used for the last step in the purification.
The method permits the complete purification of ap-
proximately 250ug of PKC per cow brain, and it gave a
single band on a sodium dodecyl sulfafmlyacrylamide
electrophoresis gel.

Protein Kinase C Actity Assay. PKC activity was
guantitated by measuring the incorporation %P from
[y-%2P]JATP into the MARCKS peptide following the pro-
cedures of Chakravarthy et.d41991) and Edashige et al.
(1992). The reaction mixture was composed of 0.1 mM lipid
vesicles (molar ratio of DOPS:DAG:egg P€10:5:85), 10
mM Tris, pH 7.0, 10 mM MgCJ, 50uM ATP, 0.25uCi of
[y-32P] ATP, 0.3 mM Cadl, 8 uM MARCKS peptide, and
0.5 uM PKC in a final volume of 20QuL. The reaction

of dansyl-1,2-DAG and dansyl-1,3-DAG were 22% and 78%,
respectively.

Synthesis and Labeling of the MARCKS Peptidae 25
amino acid MARCKS peptide (CKKKKRFSFKKSFKLS-
GFSFKKNKK) containing the PKC phosphorylation sites
of the MARCKS protein was synthesized by the Biotech-
nology Center Genetic Engineering Facility at the University
of Illinois and was labeled with acrylodan on the single
cysteine residue in the peptide (Mcllroy et al., 1991). The
labeling ratio was 0.97 mol of acrylodan/mol of MARCKS
peptide as determined by acrylodan absorbance at 360 nm
and the Coomassie protein assay (Pierce Chemical Co.,
Rockford, IL).

Vesicle Preparation.Vesicles used for microscopy were
prepared using the procedure described by Darszon et al.
(1980). The phospholipids (250 nmol) in CH@t the desired

was carried out for 10 min at room temperature and stoppedmolar ratios were placed in a small glass vial 35 mm)

by addition of 10QuL of cold 10% acetic acid. After a 10
min incubation on ice, individual samples were filtered and
washed with cold 10% acetic acid on 2%8F/C glass filters
(Whatman, Hillsbora, OR). The filters were dried and

and dried to a thin film along the bottom of the vigh a
gentle stream of N The lipids were hydrated slowly in 500

uL of the desired buffer. After a 48 h incubation at room

temperature in the dark, large unilamellar vesicles 1@

suspended in scintillation fluid (0.5% PPO in toluene), and um) were obtained from the upper layer of the clear solution

the 32P was counted in a Beckman LS7000 scintillation
counter.

Preparation of the Lissamine Rhodamine Labeled PKC.
The purified protein kinase C was labeled by lissamine
rhodamine B sulfonyl chloride using the procedure provided
by Molecular Probes (Eugene, OR). The protein (0.2 mg)
was mixed with the fluorescent probe (14) in a final
volume of 2 mL in 20 mM Tris, pH 7.0. The pH of the

and were ready for microscopy.

Instrumentation. The vesicles were viewed using fluo-
rescence digital imaging microscopy as described previously
(Haverstick & Glaser, 1987). A filter between 420 and 480
nm (Leitz G filter system) was used for the excitation of
NBD images, another filter between 310 and 390 nm (Leitz

A filter system) was used for the excitation of acrylodan

and dansyl images, and a third filter between 530 and 560

solution was adjusted to 9.0 by adding one-tenth volume of nm (Leitz B2 filter system) was used for the excitation of

1.0 M NaCOs. The solution was stirred in the dark at room

rhodamine images. The images were collected at an emis-

temperature for 30 min and dialyzed overnight against a sion wavelength»515 nm for NBD,>430 nm for acrylodan

buffer containing 10 mM Tris, pH 7.0, and 1 mM PMSF to

and dansyl, and-550 nm for rhodamine. Besides using the

remove the majority of the free dye. Phenyl-Sepharose Leitz filter systems, some Corning filters were also used in
chromatography was used to ensure the complete removathe excitation and emission paths. In the excitation path,

of the free fluorescent probe. The molar ratio of rhodamine
to protein was determined to be approximately 1:1 by

fiter 3—72 was used for NBD, 7-60 for dansyl and
acrylodan, and 369 for rhodamine. In the emission path,

rhodamine absorbance at 566 nm using an extinction 4—94 was used for NBD, dansyl, and acrylodan ant63

coefficient of 93 000 M! cm™ and protein absorbance at
280 nm assuming an extinction coefficient of 1 Thgn?.

was used for rhodamine.

Image Processing.The background fluorescence was

The labeled PKC had the same activity as the unlabeledsubtracted from each image. The average enrichment was

protein as determined by the activity assay.

Preparation of the Dansyl-Labeled Diacylglycerdbans-
yl-DAG was prepared from {g-dansyl-PC (Omann & Glaser,
1984)via a method similar to that used by Cunningham et
al. (1989). Gs-dansyl-PC (lumol) was dissolved in 1.0 mL
of diethyl ether, and then 1.0 mL of 0.2 M Tris-HCI, pH
7.3, containing 12 mM Caghnd 93 units of phospholipase

determined for a population of 55 vesicles, and the error in

determining the mean was less than 5%. The images were
displayed using a pseudo color scheme where the lowest
radiance value was dark blue and the highest radiance value

was red as shown in Figure 1D.

Compositional Analysis of the Domaing-luorescence
digital imaging microscopy permits quantitative analysis of

C was added to the solution to remove the phosphate headhe concentration of a fluorescent molecule in the domains

group of Gi-dansyl-PC. After the solution was stirred for

(Luan et al., 1995). Standard curves (radiance value versus

2 h at room temperature, dansyl-DAG was extracted three molar concentration) of rhodamine and acrylodan were

times with 3 mL of hexane. The hexane phase was
evaporated underNand the products were resuspended in

constructed by using uniform vesicles labeled with different
amounts of these fluorescent probes. A population of

chloroform. The chloroform containing dansyl-1,2-DAG and vesicles was collected for each point of the standard curve

dansyl-1,3-DAG was loaded onto a silica gel G:2@0 cm
plate (Analtech, Newark, DE) and developed in chloroform/
acetone, 95:5 (v/v), at room temperature for about 25 min

and for the compositional analysis of the domains. If the
initial concentration of a component in the vesicles is known,
e.g, a phospholipid, the molar percentage of the component
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Ficure 1: Formation of domains containing PS, DAG,Casubstrate, and PKC. Images in panelsFAwere obtained from vesicles
composed of 10% DOPS (including 0.3% NBD-PS), 5% DAG (including 1.5% dansyl-DAG), and 85% egg PC in 10 mM Tris, pH 7.0. The
individual images in each panel of this figure were captured from the same vesicle, but they represent the distribution of different fluorophores
as described below. (A) The images of NBD-PS (left) and dansyl-DAG (right) show the uniform distribution of both PS and DAG in the
vesicle. (B) The addition of 0.3 mM Cato the vesicles induced the formation of a NBD-PS (left) and a dansyl-DAG (right) domain. (C)

The addition of 8tM MARCKS peptide to the vesicles (without calcium) induced a NBD-PS (left) but not a dansyl-DAG (right) domain.
The addition of either 0.xM rhodamine-PKC (E) or 0.5¢M rhodamine-PKC plus 8uM MARCKS peptide (F) (without calcium) did

not induce dansyl-DAG domains (right in E and F) but did induce NBD-PS (left in E and F) and rhoddai@domains (middle in E

and F). Vesicles in panels G and H had the same overall compositions but were formed in the complete PKC assay buffer (10 mM Tris,
pH 7.0, 10 mM MgC}, 50 uM AMP-PNP, 8uM MARCKS peptide, 0.3 mM CaGJ and 0.5uM PKC). (G) One vesicle was viewed for
NBD-PS (left), rhodamine PKC (middle), and dansyl-DAG (right). In this experiment, rhodamine-labeled PKC was added to the vesicles
labeled with 0.3% NBD-PS and 1.5% dansyl-DAG. (H) Another vesicle was viewed for NBD-PS (left), rhodaii@(middle), and the
acrylodan-MARCKS peptide (right). In this experiment, rhodamine-labeled PKC and acrylodan-labeled MARCKS peptide (20% labeled)
were added to the vesicles labeled with 0.3% NBD-PS. Panel D shows the pseudo color scheme applied to the images with the lowest
radiance value represented by dark blue and the highest radiance value represented by red. The white bar aicates 4

in the domains can also be directly calculated by determining case in all the examples of domains that have been examined.
the enrichment of the component in the domains comparedThe addition of 8uM MARCKS peptide to the vesicles
to the radiance of the whole vesicle (fold enrichment) from without calcium induced NBD-PS domains (Figure 1C, left)

the images. but not dansyl-DAG domains (Figure 1C, right). The
addition of either 0.5¢M PKC (Figure 1E) or 0.5¢M PKC
RESULTS plus 8uM MARCKS peptide (Figure 1F) without calcium

Formation of PS and DAG DomainsTo visualize the did not induce the formation of DAG domains either (right
distribution of PS and DAG, double-labeled vesicles contain- Images in Figure 1E,F), although NBD-PS domains (left
ing 10% DOPS (including 0.3% NBD-PS), 5% DAG images in Figure 1E,F) were formed in these vesicles.
(including 1.5% dansyl-DAG), and 85% egg PC were formed Rhodamine-PKC colocalized in the PS domains (middle
in 10 mM Tris, pH 7.0. The images in each panel of Figure images in Figure 1E,F). These results indicated that the
1 were captured from the same vesicle, but viewed for formation of PS domains could be induced by eithet'Ca
different labeled components. The images of NBD-PS (left the MARCKS peptide, or PKC individually, but the forma-
image in Figure 1A) and dansyl-DAG (right image in Figure tion of DAG domains only occurred upon the addition of
1A) showed a uniform distribution of both PS and DAG. C&'. Moreover, the DAG and PS domains induced by'Ca
The addition of 0.3 mM C& to the vesicles induced the ~&lways colocalized in the same area. Without COAG
formation of NBD-PS domains (Figure 1B, left) and dansyl- domains were absent even in the presence of all the other
DAG domains (Figure 1B, right). The pattern of domain factors.
formation was different in every vesicle, but domains were  Under the conditions used for these experiments, the
induced in all the vesicles of the preparation, which is the enrichment of PS domains induced by either the MARCKS
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Table 1: Effect of Varying the Concentration of the MARCKS Peptide on the Components of the Domains and the Activity?of PKC

mean radiance value mean radiance value max enrichment in domains
MARCKS for whole vesicles of domains (fold of enrichment) domain  activity
(uM) MARCKS DAG PS PKC MARCKS DAG PS PKC MARCKS DAG PS PKC size (%) (%)
0 0 49 95 21 0 154 280 70 0 5.6 9.0 6.1 7 0
1 9 49 95 22 22 157 280 70 8.1 5.8 9.1 6.3 8 31
2 15 49 95 22 36 157 280 70 8.3 5.6 95 6.5 10 58
4 24 49 95 22 58 157 280 70 8.3 5.7 92 6.4 11 72
8 28 49 95 22 68 157 280 70 8.5 5.9 94 6.9 12 100

2 The vesicles were composed of 10% DOPS, 5% DAG, and 85% egg PC in PKC assay buffer with the indicated amounts of the MARCKS
peptide, 0.5«M PKC, and 30QuM C&*. All the values were determined by averaging the results from 55 vesicles. The fold of enrichment in the
domains was calculated using the highest radiance values in the domains over the average radiance values of the vesicles. The measurements of
the domains were done in two separate triple-labeling experiments as described in Figure 1G,H.

peptide, PKC, or Ca individually was examined for a Importance of the MARCKS Peptide in Forming Domains
population of vesicles. For each condition, the average The MARCKS peptide was varied from 0 to:8M in egg
enrichment of PS in the domains was found to be 6.6-fold, PC vesicles containing 5% DAG and 10% DOPS in the PKC
4.3-fold, and 2.9-fold, respectively. The enrichment of a assay mixture with 0.aM PKC and 30Q«M C&*. Several
particular molecule in a domain was defined as the highest parameters were evaluated in these vesicles, and the results
radiance value in the domain over the average radiance valueare shown in Table 1. The mean radiance values of the
of the vesicle. When G4 and the MARCKS peptide were  acrylodar-MARCKS peptide, dansyl-DAG, NBD-PS, and
added to the vesicles at the same time, the PS domains werghodamine-PKC were measured for the entire vesicle and
still 6.6-fold enriched, which was the same as the domains in the domains. Because of the overlap of the excitation
induced by the MARCKS peptide alone. When?Cand and emission spectra of acrylodan and dansyl, the measure-
PKC were added together to the vesicles, the PS domainments were done in two separate triple-labeling experiments
was 9.4-fold enriched, which was higher than the one inducedas described for Figure 1G and 1H. A domain was arbitrarily
by either PKC or C# alone. This was equivalent to the defined as a region with radiance value greater than 150%
domains produced when the MARCKS peptide2Gand of the average radiance value of the vesicle. The greatest
PKC were all added to the vesicles at the same time, asenrichment of these labeled components in the domains was
described below. also measured and expressed as the ratio of the highest
Formation of Domains with PS, DAG, &a Substrate, radiance value in the domain over the average radiance value

. - of the vesicle. Finally, the size of the MARCKS peptide
and PKC. The resglts shown in Figure 1 indicated tha?t;g domains was measured in these experiments and defined as
the MARCKS peptide, and PKC were all capable of inducing y,o 1\ ymber of pixels in the domains divided by number of
the formation of PS domains. To completely understand how pixels in the whole vesicle. The average results for a
domains influence the reaction catalyzed by PKC, it is |

: population of vesicles (sample size 55) was used for all the
necessary to evaluate the effects of all five components (threey5ia shown in the tables. The PKC activity was also

activators, the substrate, and the enzyme). Are thesegyamined under each corresponding condition and compared
components separated in different domains or located in the,yiih the activity in vesicles containing 10% DOPS, 5% DAG,
same domains? To answer this question, triple-labeling g5oy egg PC, 0.3 mM Cagl0.5 uM PKC, and 8uM
experiments were carried out using vesicles (molar ratio of pjJARCKS peptide (100% acfivity).

DOPS:DAG:egg PG=10:5:85) in the complete PKC assay  ag shown in Table 1, the PKC activity increased when
mixture (10 mM Tris, pH 7.0, 10 mM Mg&l 50uM AMP- the concentration of the MARCKS peptide was increased in
PNP, 8«M MARCKS peptide, 0.3 mM CagJ and 0.5«M the reaction mixture. The binding of the substrate to the
PKC). The nonhydrolyzable analog AMP-PNP was used \hole vesicles and in the domains increased simultaneously,
in place of ATP to determine the initial distribution of the \yhile the binding of PKC to the whole vesicles and in the
components. Figure 1G shows images obtained from the gomains remained unchanged. 5% DAG and 10% DOPS
same vesicle but viewed for NBD-PS (Figure 1G, left), were always present in the vesicles. Interestingly, the
rhodamine-PKC (Figure 1G, middle), and dansyl-DAG concentrations of these two lipid activators in the domains
(Figure 1G, right). The results indicated that PS, PKC, and were also unchanged as well as the enrichment of all the
DAG all colocalized in the same domain. Since*Cwas components in the domains when the concentration of the
the only factor that induced the formation of DAG domains, MARCKS peptide was varied in the mixture. The data
Ca* had to be present in the domains as well. Figure 1H indicated that the binding of the substrate to the whole
shows images of another vesicle captured in a different triple- vesicles and the amounts of the substrate in the domains were
labeling experiment. The images of NBD-PS (Figure 1H, important for PKC activity.

left), rhodamine-PKC (Figure 1H, middle), and acrylodan Polylysine displaces the MARCKS peptide from the
MARCKS peptide (Figure 1H, right) of this vesicle show domains to nondomain areas of the vesicles, and this has
the formation of a single domain enriched in PS, PKC, and provided a valuable method for distinguishing between the
the MARCKS peptide. Combining the information from the importance of binding of the substrate to the vesicles and
two triple-labeling experiments, it can be concluded that all the concentration of the substrate into domains for the
the components necessary to activate PKC and carry out thgphosphorylation by PKC (Yang & Glaser, 1995). Similar
reaction,i.e,, PS, DAG, the MARCKS peptide, €5 and experiments were carried out in the present study, keeping
PKC, are organized into the same domains. the concentration of all the components constant but adding
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Table 2: Effect of Polylysine on the Components of the Domains and the Activity oRPKC

mean radiance value for mean radiance value max enrichment in domains
polylysine whole vesicles of domains (fold of enrichment) domain  activity
(uM) MARCKS DAG PS PKC MARCKS DAG PS PKC MARCKS DAG PS PKCsize (%) (%)

0 28 49 95 22 68 157 280 70 8.5 5.9 94 6.9 12 100
10 27 52 105 23 54 146 285 70 6.8 5.6 95 6.9 12 80
20 28 51 101 23 45 152 283 71 5.6 5.7 94 7.0 12 70
25 28 52 99 21 39 153 281 72 4.8 5.7 94 7.0 12 61
40 27 50 102 22 32 156 280 71 41 5.7 94 7.1 12 50

aThe vesicles were composed of 10% DOPS, 5% DAG, and 85% egg PC in PKC assay buffeniitl BRCKS peptide, 0.5¢«M PKC, 300
uM Ca*, and the indicated amounts of polylysine. All the values were determined by averaging the results from 55 vesicles. The fold of enrichment
in the domains was calculated using the highest radiance values in the domains over the average radiance values of the vesicles. The measurements
of the domains were done in two separate triple-labeling experiments as described in Figure 1G,H.

Table 3: Effect of lonic Strength on the Components of the Domains

ionic mean radicance value for mean radicance value max enrichment in domains
strength whole vesicles of domains (fold of enrichment) domain  activity
(mM) C&' DAG MARCKS DAG PS PKC MARCKS DAG PS PKC MARCKS DAG PS PKGsize (%) (%)
40 - - 28 - 95 2 68 - 167 7 8.2 - 6.6 6.1 11 9
40 + + 28 49 95 22 68 157 280 70 8.5 59 94 6.9 12 100
140 - - 19 - 9% - 35 - 156 - 5.2 - 53 - 12 0
140 + + 18 49 94 22 36 112 168 42 5.6 45 65 52 12 50

2 The vesicles were composed of 10% DOPS, 85% egg PC, and 5% DAG (or no DAG) in PKC assay buffeaMitiBRCKS peptide, 0.5
uM PKC, and 30QuM C&" (or no C&"). The experiments were carried out in the presence of either 100 mM NacCl (total ionic strength 140 mM)
or no NaCl (total ionic strength 40 mM). All the values were determined by averaging the results from 55 vesicles. The fold of enrichment in the
domains was calculated using the highest radiance values in the domains over the average radiance values of the vesicles. The measurements of
the domains were done in two separate triple-labeling experiments as described in Figure +{Hathsgnt. ) present.

different concentrations of polylysine. The results are shown assay mixture, bringing the total ionic strength to ap-
in Table 2. The total binding of the MARCKS peptide and proximately 140 mM. As shown in Table 3, when the ionic
PKC to the whole vesicles, as measured by the mean radiancatrength was increased in the solution containing vesicles
values of acrylodanMARCKS peptide and rhodamine with both DAG and C#&", the mean radiance value of the
PKC in the entire vesicles, was not changed by the addition MARCKS peptide in the domains decreased from 68 to 36,
of polylysine. Again, DAG and PS were always maintained and the enrichment of the MARCKS peptide in the domains
at 5% and 10% in the vesicles. In the domains, the amountswas reduced from 8.5-fold to 5.6-fold. This corresponded
and the enrichment of DAG, PS, and PKC did not change; to a decrease in the PKC activity of 50%. In addition to the
only the amounts and the enrichment of the MARCKS decrease in the MARCKS peptide in the domains, the amount
peptide changed. PKC activity decreased proportionally to of PKC was also reduced (the mean radiance value of
the reduction in the amount and enrichment of the MARCKS rhodamine-PKC in the domains decreased from 70 to 42).
peptide in the domains when more polylysine was added. This effect was not observed when polylysine was added
Because polylysine was also capable of forming domains (Table 2). Therefore, at the higher ionic strength, the reduced
with PS (Yang & Glaser, 1995), it competed with the PKC activity could be attributed to a reduction in two
MARCKS peptide in the PS domains. Thus, the MARCKS components, the substrate and the enzyme.
peptide was displaced from the PS domains to the nondomain The total binding of PKC to the whole vesicles containing
areas of vesicles by polylysine. Interestingly, the amount DAG and C&" was not changed by increasing the ionic
of PKC in the domains was not affected by polylysine. The strength in contrast to the behavior of the MARCKS peptide
results from the polylysine experiment clearly indicated that (Table 3). The reason for the change of PKC in the domains,
the amount of the substrate in the domains with PKC, rather rather than the total binding of PKC to the vesicles, could
than the binding of the substrate to the vesicles, was critical partially reflect the fact that the higher ionic strength also
for the rate of the reaction. reduced the enrichment of DAG in the domains. The lower
Except for the PKC activity assay, all the quantitation level of DAG would result in a lower amount of PKC in the
experiments were carried out using AMP-PNP instead of domains.
ATP to determine the initial amounts of the MARCKS It is interesting to note that, in the lower ionic strength
peptide in the vesicles and in the domains. The total binding solution, PKC bound to the vesicles very weakly without
of the substrate to the vesicles was determined by the mearDAG and C&", and in the higher ionic solution, PKC neither
radiance value of acrylodan in the unnormalized whole bound to the vesicles nor formed domains. The latter
vesicles. This was 14 for the population of vesicles using situation probably reflects tha vivo situation because PKC
ATP and 28 for the population of vesicles using AMP-PNP. is found in the cytoplasm before it is activated. Substrates
This result confirms the results of Kim et al. (1994) that similar to the MARCKS peptide could be the first component
once the MARCKS peptide was phosphorylated, it dissoci- to form domains with PS in membranes, and then PKC would

ated from the vesicles. translocate to the domains when the concentrations of DAG
Effect of lonic Strength on the Components in the and C&" increased.
Domains. In order to use conditions closer to the physi- Effects of C&" and DAG on PKC Binding and Domain

ological ionic strength, 100 mM NaCl was added to the PKC Formation The concentrations of €a and DAG were
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Table 4: Effect of C&" Concentration on the Binding of PKC and the Formation of Donfains
mean radiance value for

mean radiance value max enrichment in domains

whole vesicles

cat

of domains

(fold of enrichment)

domain  activity
(uM) MARCKS DAG PS PKC MARCKS DAG PS PKC MARCKS DAG PS PKC size (%) (%)
0 28 49 95 5 68 49 166 16 8.0 1 66 6.1 12 36
1 28 49 95 11 68 92 197 35 8.2 34 74 6.7 12 57
10 28 49 95 18 68 114 219 57 8.1 43 81 6.2 12 73
300 28 49 95 22 68 157 280 70 8.5 5.9 94 6.9 12 100

aThe vesicles were composed of 10% DOPS, 5% DAG, and 85% egg PC in PKC assay buffenit 8RCKS peptide, 0.5:M PKC, and
the indicated amounts of €a All the values were determined by averaging the results from 55 vesicles. The fold of enrichment in the domains
was calculated using the highest radiance values in the domains over the average radiance values of the vesicles. The measurements of the domains

were done in two separate triple-labeling experiments as described in Figure"IiigHlomains were observed and the distribution of DAG was
uniform.

Table 5: Effect of the Concentration of DAG on the Binding of PKC and the Formation of Dofnains

mean radiance value for
whole vesicles

mean radiance value max encirhment in domains

DAG of domains (fold of enrichment) domain  activity
(mol%) MARCKS DAG PS PKC MARCKS DAG PS PKC MARCKS DAG PS PKCsize (%) (%)
0.0 28 - 95 3 68 - 219 9 8.2 - 83 6.2 11 12
15 28 49 95 11 68 92 219 35 8.1 33 81 65 12 51
35 28 114 95 14 68 238 219 44 8.3 38 82 67 12 66
5.0 28 168 95 18 68 380 219 57 8.1 43 81 6.2 12 73

a2 The vesicles were composed of 10% DOPS, 85% egg PC, and the indicated amounts of DAG in PKC assay buffeMAMARCKS
peptide, 0.54M PKC, and 1QuM Ca*. All the values were determined by averaging the results from 55 vesicles. The fold of enrichment in the
domains was calculated using the highest radiance values in the domains over the average radiance values of the vesicles. The measurements of
the domains were done in two separate triple-labeling experiments as described in Figuré Ti@& Hesicles were always labeled with 1.5%
dansyl-DAG. The radiance values in the table were corrected as if there was 100% labeled DAG present in the vejiakesent.

Table 6: Effect of Different Concentrations of PS on the Formation of Domains and the Activity of PKC

mean radiance value for
whole vesicles

mean radiance value max enrichment in domains

PS of domains (fold of enrichment) domain  activity
(mol%) MARCKS DAG PS PKC MARCKS DAG PS PKC MARCKS DAG PS PKCsize (%) (%)
0 2 49 - - - - - - - - - - - 2

2 8 49 6306 22 25 157 1860 70 8.2 58 94 63 1 5

4 20 49 1260 22 60 157 3730 70 8.0 58 93 6.4 5 40

10 27 49 3160 22 69 157 9330 70 8.5 59 94 69 12 100

20 30 49 6330 23 72 156 18660 71 8.4 58 93 68 18 110

a2 The vesicles were composed of 5% DAG, 85% egg PC, and the indicated amounts of PS in PKC assay buffeMWMARCKS peptide,
0.5uM PKC, and 30Q«M Ca&". All the values were determined by averaging the results from 55 vesicles. The fold of enrichment in the domains
was calculated using the highest radiance values in the domains over the average radiance values of the vesicles. The measurements of the domains
were done in two separate triple-labeling experiments as described in Figure ?lGhélvesicles were always labeled with 0.3% NBD-PS. The
radiance values in the table were corrected as if there was 100% labeled PS in the vesiklabsefit.

varied in order to understand their effects on the formation increase in PKC activity always corresponded well with the
of domains and the binding of PKC. Tables 4 and 5 show increased amounts of PKC in the domains and with the
that when the concentration of either 2€aor DAG was higher binding of PKC to whole vesicles. Since the mean
increased, both the binding of PKC to the vesicles and the radiance values of the MARCKS peptide in whole vesicles
amounts of PKC in the domains increased. Without'Ca and in the domains remained the same in these experiments,
the distribution of DAG in vesicles was uniform. Increasing it was obvious that the increase in PKC activity resulted
the C&" concentration caused DAG to partition into the directly from the increased binding of PKC to the domains
domains and also increased the amounts of PS and PKC irand vesicles.

the domains but did not affect the amounts of the MARCKS  Effects of PS on the Formation of Domainkicreasing
peptide in the domains (Table 4). Increasing the DAG the PS concentration in the vesicles had no significant effect
concentration in the vesicles caused increased amounts obn the enrichment of all the components in the domains
DAG and PKC in the domains, but did not affect the amount (Table 6). However, the sizes of the domains changed
of the MARCKS peptide or the amount of PS in the domains dramatically when the concentration of PS was increased
(Table 5). The mean radiance values of PKC in the domains and the rate of the PKC reaction increased proportionally to
increased from 16 to 70 when the €aoncentration was  the size of the domains. The total binding of PKC to the
increased from O to 300M and the DAG concentration was  vesicles was basically unchanged under these conditions, but
maintained at 5% in the vesicles. When DAG was increasedthe binding of the MARCKS peptide to the vesicles
from 0 to 5% in the vesicles and &awas maintained at 10  increased. PKC did not bind to vesicles without PS (vesicles
uM, the mean radiance values of PKC in domains increasedmade up of 100 mol % PC). At the lowest concentration of
from 9 to 57 (Table 5). There was a proportional increase PS used in these experiments (2 mol %), all the PKC in the
in PKC binding to the vesicles as well as the domains. The reaction mixture bound to the vesicles under these conditions.
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The size and the enrichment of PS domains were also \ \

examined before and after the addition of PKC without - @
changing the other conditions. The results showed that the

addition of PKC caused the size of PS domains to decrease activate povs

and the enrichment of the domains to increase (data not ? | Two.Companent Domain

shown). For example, when vesicles containing 10% DOPS phospholipase i T ubstrate 4 BS

were used, the average size of the PS domains was 18% of car =— — 5 — - Jyp;+ pac

the whole vesicle before the addition of PKC, but it was  ~~ \p\ o ‘

reduced to 12% upon the addition of PKC. Concurrently, I 2. Three-Component Domains

the enrichment of the PS in the domains increased from 6.6- T s substrate+ PS+ CaZt

fold to 9.4-fold. Similarly, in the 10% DOPS vesicles, the

enrichment of the MARCKS peptide in the domains in- *

creased from 4.8-fold to 8.5-fold, and DAG in the domains . Four-Component Domins

increased from 3.6-fold to 5.9-fold as determined on a substrate + PS + Ca2* + DAG

population of vesicles. The sizes of the domains enriched

with PKC, DAG, the MARCKS peptide, and PS were always ‘

Comparable' PKC — — — — — — (= — — w» 4. Five-Component Domain
Compositional Analysis of the Domaing:luorescence substrate ?&%ﬁﬁﬁ&;ﬁ?“*"“c

digital imaging microscopy permits quantitative analysis of - ‘

the concentration of a fluorescent molecule in the domains -7 ‘

(Luan et al., 1995). For the purpose of these experiments, o i

domains are defined as all areas in vesicles with radiance Piosphoniaed 2 s o Cbate e to

values 1.5 times higher than the average radiance values offrom the membrane metabolism of DAG

the images. The average radiance values in the domains of

a population of vesicles were measured and used for the cytoplasm plasma membrane extracellular

calculations. When PKC was activated in vesicles composedFicure 2: A model for the activation of PKC by membrane
of 10 mol % DOPS, 5 mol % DAG, and 85 mol % egg PC domains. First, the substrate (in this case, the MARCKS protein)
in the complete PKC assay buffer, the domains contained induces the formation of PS domains in the plasma membrane to
32 1% PS. 15 | % DAG d,53 1% PC. Thati form two-component domains (substrate and PS) while inactive

mol 7 Fo, 1o mol v DAL, an mol ¥ FL. 1hatls, pkc js located in the cytoplasm. Second, when phospholipase C
on average, PS and DAG in the domains were enrichedis activated, the increased €ain the cytoplasm binds to the
approximately 3 times and PC was depleted about 1.5 times.domains, and third, it induces DAG to partition into the domains
In addition, the domains contained 1 mol of PKC and 5.2 to form four-component domains (substrate, PS, DAG, arit)Ca

; . Fourth, the presence of DAG and €an the domains greatly
mol of the MARCKS peptide per 100 mol of lipids. increases the affinity of PKC for the domains; PKC binds to the

Many domains found in the vesicles had an area of omains and becomes activated (five-component domains). After
approximately 40x 40 pixels, which is equivalent to & the substrate is phosphorylated, the substrate dissociates from the
1C° nm?. The average area occupied by one phospholipid domains and the domains dissipate due to lowering of the calcium
is approximately 0.68 nf(Mclnsoth & Simon, 1986).  concentration or metabolism of DAG.

Therefore, in an average domain there are about %.18’ In the fourth step, the domains of DAG, and*Careatly
lipids in the outer leaflet of vesicles (assuming DAG would increase the affinity of PKC for the PS domains. Thus, the
occupy the same area as a phospholipid) composed of 0.6ZYytoplasmic PKC translocates to the domains and becomes
million PC molecules, 0.38 million PS molecules, 0.18 fully activated. After the reaction occurs, the phosphorylated
million DAG molecules, 0.05 million MARCKS peptide, and MARCKS peptide dissociates from the domains. Either new
0.01 million PKC molecules. substrate binds to the domains or the domains dissipate as

Model for the Actiation of PKC by Membrane Domains. the final step due to metabolism of DAG and/or the lowering

A general model for the activation of PKC is proposed in Of the cytoplasmic calcium concentration.

Figure 2 on the basis of what is already known about PKC

plus the inclusion of domain formation suggested by the DISCUSSION
results of this study. First, domains containing two com- A previous study found that ¢a and the MARCKS
ponents, the MARCKS protein and PS, are formed. This peptide were capable of inducing the formation of PS
depends on the nature of the substrate, of course, but it isdomains (Yang & Glaser, 1995). The experiments in this
interesting to note that many PKC substrates are basic. Ifpaper show that PKC alone induced the formation of PS
other substrates do not form domains themselves with PS,domains, but this did not occur when 100 mM NaCl was
they would have to bind to the domains formed by PKC at added if DAG and C& were not present in the vesicles
some time in order for the reaction to take place. The second(Table 3). If DAG and C& were present, the high ionic
step occurs when extracellular stimuli activate a plasma strength could no longer block the formation of PKC and
membrane receptor that in turn activates an isoform of PS domains. The amount of PKC in the domains increased
phospholipase C. This results in the breakdown of phos- when more C& and DAG were added to the vesicles (Tables
phatidylinositol 4,5-bisphosphate to givesithd DAG (Rana 4 and 5). When PKC was activated, a domain enriched in
& Hokin, 1990). The increased concentration of Iads all the three activators (PS, DAG, and%Ch the substrate

to an increased concentration of cytoplasmié'Ghat binds (the MARCKS peptide), and the enzyme (PKC) formed in
to the domains. In the next step, the?Cin the domains the vesicles.

induces DAG molecules to partition into the domainsto form  The total binding of the MARCKS peptide to whole

a four-component domain (substrate, PS, DAG anélCa  vesicles was not changed when polylysine was added, but
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the substrate was displaced from the domain area to theegg PC at 0.3 mM Ca and 8uM MARCKS peptide, the
nondomain areas of the vesicles (Table 2). The other domains contained 32 mol % PS, 15 mol % DAG, 53 mol
components in the domains remained almost unchanged in% PC, 1 mol % PKC (1 mol of PKC/100 mol of lipids), and
this experiment. The PKC activity decreased proportionally 5.2 mol % of the MARCKS peptide (5.2 mol of the
to the reduction in the MARCKS peptide in the domains. MARCKS peptide/100 mol of lipids).
This experiment, in particular, illustrates the importance of  In these experiments, 3@ calcium was routinely used,
the partitioning of the MARCKS peptide into the domains which is a saturating concentration for PKC activity.
for PKC activity. However, weak PS and DAG domains were visualized in
To accurately evaluate the initial composition of the the presence of approximatelyuM Cat without addition
domains without any reaction taking place, advantage wasof other components. Further experiments are necessary to
taken of the ATP analog, AMP-PNP (Yount et al., 1971). determine the effects of €aon domain formation in other
With ATP in the complete reaction mixture, the MARCKS circumstances. The lowest DAG found to form domain was
peptide dissociated from vesicles. This was demonstrated byapproximately 0.3 mol % in the vesicles. Vesicles with
Kim et al. (1994), who found that phosphorylation reversed lower amounts of DAG did not give adequate signal to
the electrostatic association between the MARCKS peptide produce good images.
and vesicles composed of PS and PC. Other studies have In all the experiments done in this study, the enrichment
reported that phosphorylation causes a translocation of theof the MARCKS peptide and PKC in the domains did not
intact MARCKS protein from the membrane to the cytoplasm change very much. The enrichment of the MARCKS peptide
and this may represent a simple electrostatic switch mech-in the domains was affected by the addition of polylysine
anism (McLaughlin & Aderem, 1995). In addition, the and high ionic strength, and the enrichment of PKC in the
MARCKS protein has been found in clusters in some cells, domains was only affected by high ionic strength. These
and it associates with PKC in nascent phagosomes (Allenresults suggested that the enrichment of the domains with
& Aderem, 1995). the MARCKS peptide and PKC was similar in most of the
Besides the amount of the MARCKS peptide in the cases.
domains, the experiments in Tables 4 and 5 show that the According to the results in this study, a model for the
binding of PKC to the vesicles and into domains was also activation of PKC by membrane domains is proposed (Figure
important for PKC activity. The present study showed that 2). Physiological ionic strength prevents the formation of
Ca* was the only factor to cause the formation of DAG membrane domains with PKC and PS in the absence 3f Ca
domains. Increasing either €aor DAG alone did not fully and DAG, so PKC stays in the cytoplasm before being
activate the enzyme. It seemed, therefore, that"Gad activated as demonstrated in Table 3. The substrate (in this
DAG together were responsible for causing the optimal case, the MARCKS protein) forms domains with PS in the
translocation of PKC to the domains and for the full membranes because it has a strong ability to induce PS
activation of the enzyme. In all these experiments, a higher domains. When hormone binds to the external receptors,
PKC activity was always accompanied by increased amountsphospholipase C becomes activated, producigguid DAG
of PKC in the domains. Epand and Bottego (1988) showed (Rana & Hokin, 1990). IPopens C& channels, and the
that DAG lowered the hexagonal phase transition more with increased C4 in the cytoplasm induces DAG to partition
PS/PE mixtures in the absence offCéhan in its presence. into the domains (PS and substrate). Other pathways are
This suggests that with €athe DAG is mixing less with possible, of course, since DAG can be formed by hydrolysis
PE and more with PS, consistent with the role of Cia of lipids other than PIR for example. Once DAG and €a
forming DAG domains as observed here. are enriched in the domains, the affinity of PKC for the
It has been found that the activation of PKC was highly domains is greatly increased, so PKC binds to the domains
cooperative with respect to PS in detergent micelles (Hannunand becomes activated. PKC phosphorylates the substrate
& Bell, 1990; Newton & Koshland, 1990). Orr and Newton in the domains and the product of the reaction, the phos-
(1992a,b) reported that the activity and binding of PKC phorylated MARCKS, leaves the domains.
reached a plateau wherl2 molecules of PS were included The principal function of domains in these vesicles is to
in micelles. The dependence of PKC binding on the mole increase the effective concentration of the activators, the
percent of PS in vesicles is also highly sigmoidal (Mosior enzyme, and the substrate in the same location. The reaction
& Epand, 1993). In this study, PKC activity increased with would occur in the absence of domains if the concentration
increasing PS concentration in the vesicles (Table 6). In of the components was sufficiently high. Diacylglycerol and
this case the increase in PS concentrations caused the sizphorbol esters will cause conventional PKC to bind to neutral
of the domains to increase, and this was proportional to the vesicles in the absence of €and PS, for example (Mosior
increase in the activity. The enrichment of all the compo- & Newton, 1996). Also, novel isoforms would not require
nents remained the same. The amount of the MARCKS C&"-induced DAG domains. The presence of all the
peptide in the domains and in the vesicles increased as well,components at high concentrations in domains optimizes the
but this was a smaller effect as compared with the increaseprocess, however. In cellular membranes, where many other
in domain size and the PKC activity. components are present as well, domains could also increase
A micelle made with lipids composed of 10 mol % PS the specificity of the interactions necessary for the reaction
and 5 mol % DAG in Triton X-100 contained approximately and provide a novel level of regulation. By causing a
16 molecules of PS and 8 molecules of DAG at 25 component to partition either into or out of a domain, the
(Newton, 1993). It was reported by Hannun and Bell (1985) reaction could be closely regulated.
that one monomer PKC binds to one micelle. The results In summary, the formation of domains enriched with PKC,
presented here demonstrated that when PKC was activated®S, DAG, C&', and substrate in vesicles was visualizél
in vesicles formed with 10% DOPS, 5% DAG, and 85% fluorescence digital imaging microscopy. By concentrating
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these components that are necessary to activate PKC andkim, J., Blackshear, P. J., Johnson, J. D., & McLaughlin, S. (1994)

carry out the reaction into domains, the efficiency of the

process is increased. This concept may reflect a genera

Biophys. J. 67227-237.

|Kodali, D. R., Tercyak, A., Fahey, D. A., & Small, D. M. (1990)

Chem. Phys. Lipids 52163-170.

feature of biological membrane and provide another level | oo M H. & Bell R. M. (1989)J. Biol. Chem 264, 14797~

of control to regulate membrane reactions (Thompson et al.

14805.

1995). In general, it seems reasonable that the organizatioriiscovitch, M., & Cantley, L. C. (1994Lell 77, 329-334.
of membrane components, e.g., components of signal transLuan, P., & Glaser, M. (1994Biochemistry 334483-4489.

duction pathways, into functional domains, would lead to

greater efficiency and specificity in carrying out membrane

processes.

REFERENCES

Allen, L. A., & Aderem, A. (1995)J. Exp. Med. 182829-840.

Bazzi, M. D., & Nelsestuen, G. L. (19878Bjochemistry 26115—
122.

Bazzi, M. D., & Nelsestuen, G. L. (1987Bjochemistry 261974~
1982.

Bazzi, M. D., & Nelsestuen, G. L. (199®jochemistry 297624~
7630.

Bazzi, M. D., & Nelsestuen, G. L. (1991Bjochemistry 307961~
7969.

Bazzi, M. D., & Nelsestuen, G. L. (1991Bjochemistry 307970~
7977.

Bazzi, M. D., & Nelsestuen, G. L. (1992). Biol. Chem 267,
22891-22896.

Bell, R. M., & Burns, D. J. (1991)). Biol. Chem 266, 4661—
4664,

Bennett, V. (1983Methods Enzymol. 9813-325.
Chakravarthy, B. R., Bussey, A., Whitfield, J. F., Sikorska, M.,
Williams, R. E., & Durkin, J. P. (1991Anal. Biochem. 196

144-150.

Cunningham, B. A., Tsujita, T., & Brockman, H. L. (1989)
Biochemistry 2832—40.

Darszon, A., Vandenberg, C. A., Schonfeld, M., Ellisman, M. H.,
Spitzer, N. C., & Montal, M. (1980Proc. Natl. Acad. Sci. U.S.A.
77, 239-243.

Dekker, L. V., & Parker, P. J. (1994)rends Biochem. Sci. 19
73-77.

Edashige, K., Utsumi, T., Sato, E. F., Ide, A., Kasai, M., & Utsumi,
K. (1992) Arch. Biochem. Biophys. 29896-301.

Epand, R. M., & Bottega, R. (1988iochim. Biophys. Acta 944
144-154.

Hannun, Y. A., & Bell, R. M. (1990). Biol. Chem 265, 2962~
2972.

Hannun, Y. A., Loomis, C. R., & Bell, R. M. (1985) Biol. Chem
260 10039-10043.

Haverstick, D. M., & Glaser, M. (1987Proc. Natl. Acad. Sci.
U.S.A. 84 4475-4479.

Haverstick, D. M., & Glaser, M. (1988). Cell Biol 106, 1885~
1892.

Haverstick, D. M., & Glaser, M. (198Biophys. J. 55677—682.

Luan, P., Yang, L., & Glaser, M. (199Biochemistry 349874~

Mcllroy, B. K., Walters, J. D., & Johnson, J. D. (199&nal.
Biochem 195, 148-152.

Mcintosh, T. J., & Simon, S. A. (198@iochemistry 254058—
4066.

McLaughlin, S., & Aderem, A. (1995Trends Biochem. Sci. 20
272-276.

Mosior, M., & Epand, R. M. (1993Biochemistry 3266—75.

Mosior, M., & Newton, A. C. (1996Biochemistry 351612-1623.

Newman, R. H., Carpenter, E., Freemont, P. S., Blundell, T. L., &
Parker, P. J. (1994iochem. J. 298391-393.

Newton, A. C. (1993)Annu. Re. Biophys. Biomol. Struct. 22
1-25.

Newton, A. C., & Koshland, D. E., Jr. (1989) Biol. Chem 264,
14909-14915.

Niedel, J. E., Kuhn, L. J., & Vanderbark, G. R. (198&pc. Natl.
Acad. Sci. U.S.A. 8B6—40.

Nishizuka, Y. (1986)Science 233305-312.

Omann, G. M., & Glaser, M. (19848iochemistry 234962-4969.

Orr, J. W., Newton, A. C. (1992a83iochemistry 314661-4667.

Orr, J. W., Newton, A. C. (19921Biochemistry 314667-4673.

Orr, J. W., Keranen, L. M., & Newton, A. C. (1992&)Biol. Chem
267, 15263-15266.

Rana, R. S., & Hokin, L. E. (1990physiol. Re. 70, 115-164.

Rodgers, W., & Glaser, M. (199Broc. Natl. Acad. Sci. U.S.A.
88, 1364-1368.

Rodgers, W., & Glaser, M. (1993Bjochemistry 3212591-12598.

Rodgers, W., & Glaser, M. (1993lnaging of Lipid Domains in
Membranesin Optical Microscopy: New Technologies and
Applications(Herman, B., & Lemasters, J., Eds.) pp 26383,
Academic Press, San Diego.

Thompson, T. E., Sankaram, M. B., Biltonen, R. L., Marsh, D., &
Vaz, W. L. (1995)Mol. Membr. Biol. 12 157-162.

Wang, F., Naisbitt, G., Vernon, L. P., & Glaser, M. (1993)
Biochemistry 3212283-12289.

Wolf, M., Cuatrecases, P., & Sahyoun, N. (1983aBiol. Chem
260, 15718-15722.

Wolf, M., LeVine, H., May, S., Cuatrecases, P., & Sahyoun, N.
(1985b)Nature (London 37, 546—-549.

Yang, L., & Glaser, M. (1995Biochemistry 341500-1506

Yount, R. G., Babcock, D., Ballantyne, W., & Ojala, D. (1971)
Biochemistry 102484-2489.

BI19610008



