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ABSTRACT. The biochemical factors that lead to membrane targeting of the Ser/Thr protein phosphatase
calcineurin were examined using model phospholipid membranes. The interaction of myristoyl- and non-
myristoylcalcineurin with lipid surfaces was investigated as a function of negatively charged phospholipids,
diacylglycerol, C&", and calmodulin. The data indicate that calcineurin binding to phospholipid monolayers
both is myristoyl-independent and is mediated by anionic phospholipids and/or diacylglycerol. Although
the effect of Ca" on calcineurin-lipid binding is minor, calmodulin altered the binding of calcineurin to

the lipid membrane in a C&-dependent manner. Experiments with a constitutively active form of
calcineurin that does not bind calmodulin indicated that the effect required the interaction of calcineurin
with calmodulin. Our results suggest that phosphatidylserine, diaclyglycerol, and calmodulin may mediate
the lipid binding properties of calcineurin vivo.

Calcineurin is a Ser/Thr protein phosphatase comprised protein and eNOS that proteitipid binding may also be
of two subunits. The 58 kDa calcineurin A subunit contains regulated by C&/calmodulin (0, 17.
the active site and shares homology with the other members  Ajthough a significant amount of research indicates
of the Sgr/Thr protein phosphatase_ fqmlly, @. .The calcineurin is capable of binding lipid surfaces bothitro
calcineurin B subunit is a 19 kDa €abinding subunit and (18-20) and in sivo (21, 22, there is evidence that
is a member of the EF-hand family of €abinding proteins,  cajcineurin is cytoplasmically localize®®) and may be
including members such as calmodulin and troponin C. The as50ciated with either cytoskeletaty or integral membrane
primary sequence of cal_cmeurm B is well conservgd in higher proteins 5). In fact, membrane targeting of calcineurin
eukaryotes and contains the sequence requirements fok,,y represent a regulatory mechanism since calcineurin
N-terminal myristoylation §), a modification that is con-  yangjocates from the cytoplasm to the cytoplasmic membrane
served in calcineurin B from yeast to mammals-6). Non- upon coexpression with Bcl-2 in BHK cell2§). Cal-
myristoylcalcineurin has yet to be isolated from a biologiC ineurin bound to Bcl-2 is active but is no longer able to
source, suggesting that myristoylation of calcineurin B is romote the nuclear localization of NF-AT, a transcription

quantitative and irreversible. factor necessary for interleukin-2 transcription. Recent work
For many myristoylated proteins, including calcineurin, has indicated that myristoylation of calcineurin was not
the biological role of the myristoyl moiety is not clear. Until required for association with lipid monolayer&0y, in
recently, the predominant view of myristoylation and fatty agreement with experiments examining the localization of
acylation in general was that attachment of a fatty acid CaUSdeyrist0y|_ and non-myristoylcalcineurin in yea2j. In
the protein to associate with membranes. It is now known contrast to a membrane-localizing function, it was found that
that myristoylation is not sufficient to anchor a parent protein myristoylation of calcineurin significantly affected the ther-
to biomembranes. Electrostatic interactions and myristoy- mostability of the enzyme20) in a manner similar to that
lation each account for approximately half of the energetic of cAMP-dependent protein kinas27. Since calcineurif
contribution to membrane binding in model peptide studies |ipid interactions do not appear to be myristoyl-dependent,
(7—9). Thus, disruption of either of these forces may result other mechanisms such as electrostatics or insertion of
in dissociation of the protein from the lipid surface. Infact, hydrophobic residues into the bilayer must account for the

myristoyl-dependent membrane localization has recently beenenergetically favorable lipid-binding properties of calcineurin.
shown to be reversible by several means, including phos-

phorylation (0, 11, C&" binding 12—14), and pH (5,
16). In addition, it has been demonstrated for the MARCKS1

In this study, recombinant myristoyl and non-myristoyl
forms of calcineurin were used to further examine the
requirements for lipid association. The effects of anionic
phospholipid, diaclyglycerol, G4, and calmodulin on cal-
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cineurir—membrane interactions were studied using both

Kennedy et al.

Assays Inestigating the Interaction of Calcineurin with

phospholipid monolayers and vesicles. Our results indicate Phospholipid Monolayers.The interaction of M-CaN and
that calcineurin binding to model membranes is mediated in CaN with lipid monolayers was studied using a Wilhelmy-

part by negatively charged phospholipid and/or diacylglyc-
erol. Although C&" alone did not significantly influence
calcineurin-lipid interactions, C&'/calmodulin caused an
apparent reorientation of calcineurin at the buffiypid
interface.

EXPERIMENTAL PROCEDURES

Materials. 1-Palmitoyl-2-oleoylsn-3-phosphatidylglycerol
(PODG) was purchased from Sigma (St. Louis, MO). The
phospholipids 1-palmitoyl-2-oleoydr3-phosphatidylcholine
(POPC) and 1-palmitoyl-2-oleoyr-3-phosphatidylserine
(POPS) were from Avanti Lipids (Alabaster, AL).

Expression of Calcineurin A, CaNB, and Myristoyl-CaNB
in E. coli. The cDNAs for theo isoform of rat calcineurin
A and rat calcineurin B were kindly provided by Dr. Brian
Perrino and Dr. Tom Soderlin@8, 29. Plasmid pBB131
encoding the yeadtl-myristoyltransferase gene was a gift
from Dr. Jeffrey Gordon30).

Rat calcineurin A was purified as previously described
(31). Cultures oft. coli expressing myristoylcalcineurin B
(M-CaNB) (20) and non-myristoylcalcineurin B (CaNB31)
were grown in a 10 L New Brunswick Bioflo 3000
fermentor. Cells were grown at 3T in 2x TY media
supplemented with 10@g/mL each of kanamycin and
ampicillin. The pH was continuously monitored and main-
tained at 7.1 by addition of either NBH or H;PQ,.

type film balance 3, 39 to measure changes in surface
tension as previously describel0f. The surface pressure
() is defined as the difference in surface tensighbetween
buffer alone ) and buffer with the lipid film §mong. In
all experiments, the concentration of either M-CaN or CaN
was 0.1uM. Where noted, 0.2 M Caglor EGTA was
injected into the subphase to a final concentration of 0.1 mM.
Initial surface pressures in the range of-8¥ mN/m were
explored. The surface pressai@rea diagrams for the lipid
mixtures used were determined (data not shown) and
exhibited no phase transitions over the conditions explored.
Measurement of'fC]M-CaN or [**C]CaN Binding to 50
mol % POPS/50 mol % POPC Monolayerisi-CaN or CaN
was labeled with'fCJformaldehyde (55 Ci/mol) by reductive
methylation 85). The labeling reaction was dialyzed in a
12—14 kDa cutoff dialysis bag against two changes of buffer
(1 L each of 20 mM Tris-HCI, 0.15 M NaCl, 1.0 mM
magnesium acetate, 0.1 mM EGTA, and 1.0 mM dithio-
threitol, pH 7.5) at 4°C. The specific activity of the
radiolabeled protein was 108 Ci/mol for M-CaN and 110
Ci/mol for CaN, corresponding to approximately two modi-
fications per mole of protein. Mock labeling reactions
indicated that modified calcineurin retainedB0% activity
compared to samples that did not include formaldehyde.
Additionally, the surface pressure changes induced by
addition of either J*CJM-CaN or [l“C]CaN to 50 mol %

Dissolved oxygen was maintained at 20% saturation (relative POPS/50 mol % POPC monolayers were identical to the

to air) using a stir rate of 400 rpm and sparging with either
compressed air (low cell density) or oxygen (high cell
density). The culture was grown to a cell density corre-
sponding to an absorbance at 595 nndf after which the
cells were induced by addition of IPTG to 1 mM. Growth
was allowed to procek8 h post-induction, reaching a final
absorbance at 595 nm 68, after which the cells were
harvested and lysed as previously descrit&d]. (
Reconstitution of Calcineurin A with CaNB or M-CaNB.

unmodified forms of calcineurin.

[*C]M-CaN and [4C]CaN monolayer binding measure-
ments were carried out using the procedure for measuring
calcineurin-lipid monolayer interactions with the following
additions. During the period of monolayer equilibration but
prior to protein addition, a 2@L aliquot of 10 mM 32P-
labeled inorganic phosphate, 0.1 M NaCl (final concentration
of orthophosphate= 10 M) was injected into the subphase
to allow for correction of unbound protein. After the

Calcineurin A was reconstituted with an excess of either proteinr—monolayer interface had reached equilibrium, the

CaNB or M-CaNB, followed by purification using cal-

monolayer was harvested by adsorption to a 7-cm diameter

modulin—Sepharose affinity chromatography and Sephacryl piece of Whatman 1PS hydrophobic filter pap@6)( The

S-300 gel filtration chromatography as describgt)( The
purity of M-CaN or CaN was>95%, as judged by 13%
SDS-PAGE gels stained with Coomassie bl2€(31). All

paper was cut into small squares féP and*‘C dual-label
counting on a Beckman LS 3801 scintillation counter. The
amount of3%?P and“C presentn a 1 mL sample of the

protein concentrations were determined using a Coomassiesubphase was also counted for determination of aqueous

blue dye-binding assay (Pierce, Rockford, IL), with bovine
serum albumin as a standard.
Preparation of Trypsinized CalcineurinLimited pro-

buffer adhering to the paper. The volume of subphase carried
over onto the filter paper was determined by dividing the
32p dpm present on the filter paper by the dpm/mL3%t

teolysis of calcineurin by trypsin produces a truncated, 43 present in the subphase, yielding the volume carried over.

kDa form of calcineurin A that binds calcineurin B but no
longer binds calmodulin3?2). Briefly, 10 uM M-CaN in
50 mM Tris-HCI, 0.1 mM CaGl and 10 mMg-mercapto-
ethanol, pH 7.0, was incubated with 100 nM bovine
pancreatic trypsin (Sigma) at 3@ for 5 min after which

the reaction was immediately placed on ice and then

Since the dpm/mL of {fC]calcineurin in the subphase is
known, the amount of unbound protein can be determined
to correct for carryover. The corrected amount of protein
bound to the paper (defined as surface exc@&3swas
expressed in units of picomoles bound per square centimeter.
Preparation of Lipid Vesicles.Phospholipids in chloro-

chromatographed over a Superose 6 gel filtration column form were mixed according to the desired mole fractions,

(1.6 x 50 cm) equilibrated in 20 mM Tris-HCI, 0.15 M NacCl,

1.0 mM dithiothreitol, 0.1 mM magnesium acetate, and 0.1

mM EGTA. Fractions containing trypsinized calcineurin
were identified via 13% SDSPAGE, pooled, and concen-

trated using a Centricon-30 ultrafiltration membrane (Ami-
con, Beverly, MA).

and the chloroform was evaporated under high vacuum for
~1 h. The lipids were suspended in 25 mM Tris-HCI, 0.15
M NaCl, and 1.0 mM dithiothreitol, pH 7.5. Large unila-
mellar vesicles (LUVs) were prepared by extrusion through
100 nm pore-size polycarbonate membranes according to the
manufacturer’s directions (Avanti, Alabaster, AL).
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Equilibrium Binding Measurements of Calcineurin to 25
Phospholipid Vesicles.Binding of M-CaN to LUVs was
determined by quasi-elastic light scattering as descriBéd (

38), using eq 1:
lo  [9n,3C,)2(M,)2
Iy \dn/oc,) \M,
0 1 1 1 1 1 1 1 1 1 1 1 1

E
Wher6|52 and|31 are the scattered |Ight intensities of the % 0 5 10 15 20 25 30 35 400 5 10 15 20 25 30 35 40
N’
(54
<

protein—vesicle complexes and the lipid vesicles alone, C

. ; ) ) D)
respectivelypn,/ac, andan,/dc; are the change in refractive
indices for protein-vesicles and vesicles, respectively, and
M is the molecular weight of the scattering species. All light 15
scattering measurements were corrected for scattering due
to unbound protein. The approximation,/dc, = an,/ac, or
was used to simplify the equation. As a result, an error of
up to 15% will be reflected in the final determinationid§/
M. For comparative purposes, however, the approximation o b TP IO W
is valid (37). Thus, the ratio of light scattering intensities is 0 5 101520 25 30 35 400 5 1015 20 25 %0 3 40
proportional to molecular mass. i (mN/m)

Light scattering at 320 nm was measured using a

Ficure 1: Effect of lipid composition on the interaction of CaN
FLUS&OM?Xt.ﬂUO:eSt%enpe sdpeitngmft.er éJ\;f/SpeX In.s’ttr.ume?ts)and M-CaN with phospholipid monolayers. The effect of POPS
a relative to the inciaent ight in bufter consisting of - 4, the ability of M-CaN (filled circles) and CaN (open squares) to

25 mM Tris-HCI, 0.15 M NaCl, and 1.0 mM dithiothreitol,  pind phospholipid monolayers composed of POPS and/or POPC
pH 7.5. The scattered light intensities of samples containing overlying buffer (25 mM Tris-HCI, 0.15 M NaCl, 0.1 mM EGTA,

lipid alone were compared to samples containing both lipid and 1.0 mM dithiothreitol, pH 7.5) was examined as described under

and protein. The final lipid and calcineurin concentrations Experimental Procedures. The resultant change in surface pressure
5 /' L and M ivelv. For both M-CaN induced by protein binding was plotted as a function of initial

were 25¢g/mL and 0.32:«M, respectively. For both M-Cal monolayer surface pressure. (A) 100 mol % POPC; (B) 50 mol %

and CaN,<0.1uM was saturable for the observed increases pPOPS/50 mol % POPC; (C) 100 mol % POPS; (D) 20 mol %
in light scattering. Where indicated, calmodulin was added POPS/20 mol % POPC/60 mol % PODG. For all measurements,
to the appropriate final concentration using a concentrated the final protein concentration was QuM. A least-squares fit was
stock solution to minimize any dilution effects. A molecular 2PPlied to the data for each monolayer composition.
0 0

anSl\S/S of 1.15¢ (]j'(f Da fort.SOt?OI % POfo/5OImO| /0. P(b)PCd Table 1: Effect of Phosphatidylserine and Diacylglycerol on CaN

s was used to quan ify the amount of calcineurin bound 4" v-can Lipid Binding
to extruded vesicles30).

monolayer composition (mole fraction) i az=0 (MN/m)
RESULTS POPS POPC PODG M-CaN CaN
Effect of Myristoylation, POPS, and Diacylglycerol on 02 %‘% 2257 22%
Calcineurin Interactions with Phospholipid Monolaye#s| 0.5 05 31 31
lipid films were in the liquid-expanded state and exhibited 1.0 36 36
no phase transitions in the surface pressure range between 0.2 0.2 0.6 34 33

0.1 mN/m and monolayer collapse. For both CaN and aThe maximum surface pressure|§.—o) at which CaN and M-CaN
M-CaN, a protein concentration of QuM was sufficient to will insert into a monolayer of the indicated composition was
saturate the observed surface pressure changes. Lipidjetermlned from the-intercept of the respectivaz—s plot.
compositions ranging from 100 mol % POPS/0 mol % POPC
to 0 mol % POPS/100 mol % POPC, as well as 60 mol % contribution to membrane binding (Table 1). Similarly, the
PODG/20 mol % POPS/20 mol % POPC, were investigated. presence of diaclyglycerol in the monolayer raised the
Protein-lipid binding data acquired using the Wilhelmy maximum insertion pressure in comparison to a monolayer
technique are most often plotted as the change in surfacewithout diacylglycerol, but the presence of the myristoyl
pressure Ax) as a function of the initial surface pressure group again had no effect (Figure 1, Table 1).
(7). Thex-intercept of such plotsa{|a.=0) represents the Since a C&'-dependent mechanism of myristoyl protein
maximum surface pressure of the monolayer at which the lipid association has recently been identified for recoverin
interaction of protein and lipid is energetically favorable for (12—14), and calcineurin is a Ca-binding protein, we also
protein insertion. tested the effect of Ca on the lipid-binding properties of
Figure 1 shows th&z—; plots for M-CaN and CaN for ~ M-CaN and CaN to 50 mol % POPS/50 mol % POPC
four different lipid compositions. The isotherms for both monolayers. Comparing the data in Figure 2A,B,#i&,—o
forms of calcineurin are indistinguishable, regardless of lipid values for M-CaN and CaN in the presence of?Care
composition, indicating myristoylation does not contribute virtually identical &31 nN/m). A small effect of CH on
to model membrane association. Interestingly, the mole the slope of both the myristoyl- and the non-myristoylcal-
fraction of anionic lipid (POPS) raised the maximum surface cineurin Az—u; plot is observed, perhaps suggesting that
pressure at which both CaN and M-CaN will bind in a C&" may affect the lipid-binding properties of calcineurin
concentration-dependent fashion, indicating an electrostaticto membranes at reduced surface pressure. The surface
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B) 30 Ficure 3: Relationship between surface exceB¥ &nd Az for
M-CaN and CaN. Amount offC]CaN or [“C]M-CaN bound [,
pmol/cn?) to 50 mol % POPS/50 mol % POPC monolayers
overlying buffer (25 mM Tris-HCI, 0.15 M NacCl, 0.1 mM EGTA,

o and 1.0 mM dithiothreitol, pH 7.5) as a function of the change in
> surface pressureA¢r). For all measurements, the final protein
[= concentration was 0.AM. A least-squares fit was applied to the
g data for CaN (open squares) and M-CaN (closed circles).
<
manner. Moreover, thg-intercept of~0.5 pmol/cnd for
both M-CaN and CaN provides further evidence for an

electrostatic contribution to membrane binding in the absence
of a surface pressure change.

Determination of protein bound along with the ac-
companying surface pressure changes allows the calculation
of the average membrane surface area occupied by a

7tj (MN/m)

Ficure 2: Effect of C&" on the interaction of CaN and M-CaN
with 50 mol % POPS/50 mol % POPC monolayers. The effect of
Ca&* on the ability of CaN (A) and M-CaN (B) to bind 50 mol %

POPS/50 mol % POPC monolayers overlying buffer (25 mM Tris calcineurin molecule. From the relations =1~
b - _ . H .
HCl. 0.15 M NaCl. 0.1 mM EGTA or 0.1 mM Cagwhere (Ad/A), one can calculate the fraction of the surface occupied

indicated, and 1.0 mM dithiothreitol, pH 7.5) was examined as DY Protein £,) whereA is the initial area per phospholipid
described under Experimental Procedures. The resultant change irheadgroup angk is the final. Dividing the amount of protein
surface pressure induced by protein binding was plotted as abound byF, and converting units, one obtains an area of
Iﬁncft;onloém’u\tllal ml\ﬁngla&/ersurface pressure. Fonr/lallxwegsmrements.mwoo Rimolecule of calcineurin at an initial surface
€ final CaN or M-CaN concentration was QM. (A) CaN + pressure of 18 mN/m. This value agrees qualitatively with

EGTA (open squares) or CalN Ca" (closed squares); (B) M-CaN . . . .
+ EGTA (open circles) or M-CaN- Ca2* (closed circles). Aleast-  the molecular dimensions of calcineurin and suggests that a

squares fit was applied to the data for each monolayer composition.substantial portion penetrates the monolayer.

Binding of M-CaN to Phospholipid Vesicleg.o further
pressure-area diagrams for 50 mol % POPS/50 mol % investigate the correlation of calcineurin binding to mono-
POPC monolayers in the presence of either 0.1 mF&t ©a layers and bilayers, light scattering was used to measure
0.1 mM EDTA were determined and showed no phase calcineurin binding to lipid vesicles. As shown in Figure 4,
transitions over the range of experimental surface pressuresncubation of M-CaN with 50 mol % POPS/50 mol % POPC
(data not shown). LUVs increased the mass of the vesicle population by 3.5%,

A limitation of the Wilhelmy method is that surface corresponding to~50 calcineurin molecules bound per
pressure changes may not correlate with the amount ofvesicle or 0.3 pmol/cfh(assuming a spherical vesicle with
protein bound unless this relationship is defined through a radius= 50 nm). This value is in good agreement with the
direct binding measurement, usually with radiolabeled protein data obtained by the Wilhelmy method at surface pressures
(40). As shown in Figure 3, a correlation between the s near 30 mN/m Az = 0, ~0.5 pmol/cni, Figure 3).
amount of protein bound to the lipid surfacE, (surface Effect of Calmodulin on Calcineurin Interactions with
excess) and increases in surface pressure after proteifPhospholipid Monolayers Measured Using the Wilhelmy
addition was confirmed in experiments usifgd]M-CaN Film Balance. Since calmodulin is a biologic effector of

or [*C]CaN and 50 mol % POPS/50 mol % POPC
monolayers. The amount of protein bound is lowerl(
pmol/cn¥) than the amount of protein that could theoretically
bind (3—7 pmol/cn?), based on the available surface area
of the monolayer (20.35 cthand the molecular dimensions
of calcineurin (87 Ax 61 A x 37 A) (41), assuming no

calcineurin function, we examined its effect on CaN and
M-CaN lipid interactions. A mechanism by which calm-
odulin binds to its target proteins and decreases their affinity
for membranes has been previously demonstrated for
MARCKS and eNOS 10, 19. As shown in Figure 5,
calmodulin decreased|A»=0 for both CaN and M-CaN at

free space between molecules. However, other proteins suctb0 mol % POPS/50 mol % POPC with asintercept of ca.

as the hydrophilic lipid-binding protein apolipoprotein A-IV

27 mN/m. Additionally, theAs/m; isotherms for CaN/

saturate a phosphatidylcholine monolayer at 2.2 pmdl/cm calmodulin and M-CaN/calmodulin were virtually identical.
(42). In fact, the amount of apo A-IV bound at 25 mN/m Interestingly, addition of calmodulin to the subphase of a
was only 0.2 pmol/cth Thus, these measurements are 50 mol % POPS/POPC monolayer previously equilibrated
consistent with a mechanism in which calcineurin is capable with M-CaN or CaN resulted in a decrease in surface pressure
of binding lipid membranes in a myristoyl-independent (Figure 6). Thus, following equilibration of the monolayer
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Ficure 4: Binding of M-CaN to 50 mol % POPS/50 mol % POPC
LUVs as determined by light scattering. The intensity of scattered
light at 320 nm was measured as a function of time to assess M-CaN
binding to phospholipid vesicles. The conditions for each are the
same as the previous condition but with the indicated addition: (1)
buffer alone (25 mM Tris-HCI, 0.15 M NaCl, and 1.0 mM
dithiothreitol, pH 7.5); (2+25 ug/mL 50 mol % POPS/50 mol %
POPC LUVs; (3)+0.3 uM M-CaN. The results shown are
representative of three independent trials, each yielding similar
results.

A (mN/m)

10

15
wj (mN/m)

20 25 30

Ficure 5: Effect of C&t/calmodulin on the interaction of CaN
and M-CaN with 50 mol % POPS/50 mol % POPC monolayers.
The effect of C&"/calmodulin on the ability of CaN and M-CaN
to bind 50 mol % POPS/50 mol % POPC monolayers overlying
buffer (25 mM Tris-HCI, 0.15 M NaCl, 0.1 mM Cagland 1.0
mM dithiothreitol, pH 7.5) was examined as described under

Experimental Procedures. The resultant change in surface pressurgo a final concentration of 0.2:M. Abbreviations:

induced by protein binding was plotted as a function of the initial
monolayer surface pressure. For all measurements, the final CaN
or M-CaN concentration was 0iM; CaN (open squares), M-CaN
(closed circles). A least-squares fit was applied to the data for both
proteins.

at two different surface pressures, the addition of M-CaN
(asterisks, Figure 6A) led to an increase in the surface
pressure. Addition of calmodulin resulted in a subsequent
decrease in surface pressure (Figure 6A, lower curve). This
effect was C& -dependent (upper curve, Figure 6A), and
the final surface pressure after calmodulin addition was
similar to that observed in trials where calmodulin was added
concomitantly with M-CaN (Figure 5). Calmodulin alone
had only a very small, positive effect on the surface pressure
change (data not shown). Thus, calmodulin clearly modifies
the interaction of CaN with the monolayer.

To further probe the role of calmodulin in mediating
calcineurin-lipid interactions, experiments using trypsinized
M-CaN were performed. Limited proteolysis of calcineurin
with trypsin results in the removal of the calmodulin binding
and autoinhibitory domains3@). As shown in Figure 6B,
injection of trypsinized M-CaN to a final concentration of
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Ficure 6: Effect of calmodulin on M-CaN and trypsinized M-CaN
interactions with 50 mol % POPS/50 mol % POPC monolayers.
Shown are plots of surface pressure as a function of time for M-CaN
(A) and tryspinized M-CaN (B) interacting with a 50 mol % POPS/
50 mol % POPC monolayer overlying buffer (25 mM Tris-HCI,
0.15 M NacCl, 0.1 mM CagG| and 1.0 mM dithiothreitol, pH 7.5).
The surface pressure changes prior to protein addition (indicated
by an asterisk) represent lipid solvent evaporation and monolayer
stabilization. Following addition of M-CaN and stabilization of any
increases in surface pressure, aliquots of EGTA, calmodulin, or
Ca&*+ were added (arrows). (A) M-CaN: Phospholipid monolayers
were spread at two different initial starting pressures (26 and 21
mN/m) over buffer containing 0.1 mM CaCJAt the times indicated

by arrows, EGTA (0.15 mM), calmodulin (02V), or CaC} (0.20

mM) was injected into the subphase to the final concentrations
indicated. (B) Trypsinized M-CaN: At the time indicated by the
arrow, calmodulin was injected into the €acontaining subphase
CaM,
calmodulin; EGTA, ethylene glycol bigfaminoethyl ether)-
N,N,N',N'-tetraacetic acid.

0.1 uM beneath a 50 mol % POPS/50 mol % POPC
monolayer (asterisk) resulted in a positive surface pressure
change, indicating protein binding. However, subsequent
injection of calmodulin had no effect on the surface pressure,
in contrast to the decrease in surface pressure it caused with
full-length M-CaN (Figure 6A). These results indicate that
calmodulin perturbs the binding of calcineurin to lipid
monolayers either by (1) changing the orientation of cal-
cineurin at the lipid surface such that a smaller fraction of
calcineurin penetrates the surface or by (2) dissociating
calcineurin from the interface.

DISCUSSION

Based on a report that calcineurin phosphatase activity is
mediated by anionic phospholipid vesiclds8Y and recent
studies highlighting the necessity of both electrostatic and
hydrophobic contributions to myristoyl-protettipid binding
(7, 911, 43, we examined whether the lipid-binding
properties of calcineurin may be charge-dependent. Interest-
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ingly, we observe that calcineurin lipid binding is myristoyl- reorientation of the calmodulincalcineurin complex at the
independent as evidenced by comparable binding propertiednterface such that fewer residues of calcineurin penetrate
of M-CaN and CaN to phospholipid monolayers over several the monolayer. A mechanism involving a calmodulin-
different lipid compositions and in the presence versus dependent change in membrane association may explain the
absence of either Ga or calmodulin. Both forms of  effect of acidic phospholipids on the calmodulin-dependent
calcineurin insert into the monolayer, resulting in a positive phosphatase activity of calcineurin observed previously by
change in surface pressure. The maximum surface pressuréolitino and King (8).
at which the various forms of calcineurin bind is dependent  Perturbation of the membrane-binding potential of cal-
on the composition of the monolayer. Increasing the mole cineurin by calmodulin may also affect its localization.
fraction of POPS in the monolayer leads to an increase in Calcineurin is a central component in the T-cell receptor
7| a==0 for both CaN and M-CaN (Table 1). More impor- signal transduction pathway which leads to the production
tantly, increasing the mole fraction of phosphatidylserine of interleukin-2 £6). Interleukin-2 transcription requires
brings calcineurin monolayer binding into the accepted nuclear import of the transcription factor NF-AT; the
“physiologic range” (36-35 mN/M) (Table 1) 44). Simi- preexisting cytoplasmic subunit of NF-AT is a phospho-
larly, inclusion of diacylglycerol in the monolayer also raises protein substrate of calcineurin, and its dephosphorylation
the maximum surface pressure into which calcineurin will and subsequent nuclear import are blocked by the calcineurin
insert (Table 1). Although the percentage of phosphatid- inhibitors cyclosporin A and FK506&{, 5. Bcl-2 disrupts
ylserine at which membrane binding is within the physiologic NF-AT signaling and may involve the binding and seques-
range exceeds the measured percentage of phosphatidering of calcineurin to membrane surfac2g)( In addition,
ylserine found in biomembranes (#Q0%) @5, 49, the membrane localization of calcineurin may also be ac-
existence of locally high concentrations, or “patches”, of complished by other factors, including “adapter” proteins.
phospholipids and/or diglyceride has been postulated in An A-kinase anchoring protein (AKAP) was recently shown
numerous studiegly—50). A stimulus-specific mechanism  to colocalize calcineurin, cCAMP-dependent protein kinase,
of achieving locally high concentrations of phospholipid/ and protein kinase C to the cytoskelet®8,(60. Cal-
diglyceride might serve as a mechanism for regulating cineurin has also been shown to interact with the inositol
calcineurin localization in vivo. 1,4,5-trisphosphate receptdfKBP12 complex, a membrane-
The excellent agreement for the amount of calcineurin bound entity, and regulate &aflux (25). It is not known
bound to either phospholipid monolayersmt= 30 mN/m whether myristoylation is required for these interactions, but
or bilayers (0.5 pmol/cn? in each case) provides further it is possible that the observed localization of calcineurin to
evidence that the equivalence point of LUV bilayers and membrane fractions may represent a cell type-dependent
monolayers is in the surface pressure range ef @ mN/ combination of both calcineurirmembrane and calcineutin
m. The debate over the biologic surface pressure of a bilayerprotein interactions that may eventually bring the myristoyl
has been the subject of a considerable amount of study andnoiety into play. Furthermore, it is likely that factors which
has yet to be conclusively resolved. Although estimates govern calcineurin localization may also be regulated by
range from values as low as 12.5 mN/m up to 50 mN/m Ca*/calmodulin.
[reviewed in @4)], it is generally agreed that the biologic
surface pressure is most likely in the range 0f=38 mN/
m. This estimate is supported by results from several
different techniques, including lipolytic enzyme action on
monolayers for phospholipases C, D, and &1, 52,
activation of protein kinase C in monolayers§3), and
measurement of anesthetic binding to monolay&® &s
well as biophysical measurements of phase transitisBs (
Since the surface pressure range over which calcineurin will RpEFERENCES
bind model membranes spans the accepted physiological
range of surface pressures (Table 1), a mechanism in which 1.
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