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ABSTRACT. The C2 domain is a ubiquitous &abinding motif that triggers the membrane docking of
many key signaling proteins during intracellular?€aignals. Site-directed spin labeling was carried out

on the C2 domain of cytosolic phospholipase iA order to determine the depth of penetration and
orientation of the domain at the membrane interface. Membrane depth paramietesse obtained by

EPR spectroscopy for a series of selectively spin-labeled C2 domain cysteine mutants, and for spin-
labeled lipids and spin-labeled bacteriorhodopsin cysteine mutants. Valubswere combined with
several other constraints, including the solution NMR structure, to generate a model for the position of
the C2 domain at the membrane interface. This modeling yielded an empirical expressipvbich

for the first time defines its behavior from the bulk aqueous phase to the center of the lipid bilayer. In this
model, the backbones of both the first and third'Ghinding loops are inserted approximately 10 A into

the bilayer, with residues inserted as deep as 15 A. The backbone of the seddruir@ing loop is
positioned near the lipid phosphate, and the firgheets of the C2 domain are oriented so that the individual
strands make angles of 3@5° with respect to the bilayer surface. Upon membrane docking, spin labels
in the Ca"-binding loops exhibit decreases in local motion, suggesting either changes in tertiary contacts
due to protein conformational changes and/or interactions with lipid.

In many cell-signaling pathways, important enzymatic Ca* at all (2, 7, 8). A wide range of signaling proteins that
activities and proteiftprotein interactions take place on the are central to the production of lipid-derived second mes-
cytoplasmic surface of intracellular membranes. Here dif- sengers, protein phosphorylation, membrane trafficking,
fusion is limited to two dimensions, and the probability of protein ubiquitination, membrane pore formation, and GT-
appropriate proteirprotein or proteir-substrate interactions  Pase regulation are found to contain C2 domais9y.
is enhanced. Regulation in cell-signaling is often achieved Cytosolic phospholipase 2o (CPLA2) is a water-soluble
by the reversible docking of proteins to the membrane lipase with a C2 domain that mediates binding to specific
surface, which can be achieved through several mechanismsintracellular membranes in a &adependent manned.q).

One general mechanism involves the electrostatic associatiorupon membrane association, the enzymatic domain hydro-
of a highly basic protein region with membranes containing lyzes target lipids to release arachidonic acid, triggering the
acidic lipids, often in tandem with protein acylatiof)(  synthesis of eicosanoids that activate various pathways
Another important mechanism utilizes independently folded jncluding inflammation {1—13). High-resolution structures

protein domains that interact with specific membrane inter- naye been obtained for a number of C2 domains including

faces, such as C2 domair® @), or bind individual lipids,  those found in cPLA2, synaptotagmin, protein kinase C, and
such as pleckstrin homology domair.( phospholipase C1¢4—20). These structures show that C2
The C2 domain was originally identified as the second domains are relatively compact and have a common fold
conserved domain of Ca&dependent PKEsoforms 6, 6). consisting of an eight-stranded antipargiedandwich. Three
This domain generally functions to regulate?’Genduced  |oops at one end of the sandwich play an important role in

membrane binding, although certain C2 domains mediate
protein—protein interactions and some are not regulated by
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calcium and membrane bindind 4, 21—-23). The X-ray are complicated by the fact that micelle systems are not the

crystal structure of the full-length cPLA2 enzyme reveals best model for the membrane interface.

that the C2 domain and enzymatic domains are separated |n the present study, site-directed spin labeligg, (30)

by a flexible linker and are structurally independe)( together with the known solution structure of the cPLA2 C2

Further biochemical studies have found that the isolated C2 domain (L7) were used to develop a new model for the depth

domain retains the ability to bind membranes in @€a  of penetration and orientation of the C2 domain at the

dependent fashior§), justifying structural and mechanistic  membrane interface. Specifically, a series of single cysteine

studies of the isolated domain. substituted mutants of this domain were reacted with the
At least four major factors are believed to drive the sulfhydryl-reactive methanethiosulfonate spin label (MTSSL)

membrane docking of C2 domair®){ (i) favorable, direct  to produce the spin-labeled side chain R1 (Scheme 1).

contacts between protein surface residues, including the Tpe EpR spectra of these mutants were power-saturated

bound C&" ions, and phospholipid headgroups); (ii) in the presence of an aqueous metal ion complex or lipid-
favorable I0+ng-range electrostatic interactions between theggyple oxygen, and the data were used to determine the label
protein-Ca* complex and the membran8, (18, 27); (iii) position relative to the lipid phosphate using a collision

hydrophobic interaction of surface-exposed apolar reSiduesgradient method described previous§l). The data are
with the membrane interio8( 25, 27); and (iv) entropically  shown to be consistent with an orientation where the first
favored release of bound water from the protemembrane 54 third C&*-binding loops penetrate significantly into the
interface upon C2 domain binding. The relative contributions bilayer interior, while the backbone of the second®Ca

of these components are known to differ dramatically ninging loop contacts the membrane surface. No contacts
between C2 domams._For example, the C2 domain of |_¥3KC' are detected between tffestrands and the membrane. The
and the first C2 domain of synaptotagmin | each require the gpR |ine shapes also provide evidence for interactions with
presence of acidic lipid and exhibit ionic strength-sensitive jmmobilized lipid or conformational changes upon membrane
docking, whereas the cPLA2 C2 domain prefers membranesassociation. Finally, the EPR data, together with the known
composed of zwitterionic PC and is not dependent on ionic ¢ gomain structure, define for the first time the shape of
strength 8, 27). To determine the likely contributions of e distance dependence for the EPR membrane depth

different binding forces, a higher resolution picture of the parameter in the aqueous region just outside the membrane.
proteir—-membrane interface is essential. Structural charac-

terization of this interface is also a prerequisite for under- MATERIALS AND METHODS
standing how C#& binding to the C2 domain triggers
membrane docking. Materials. Palmitoyloleoylphosphatidylcholine (POPC),
Currently, the structural information available for the C2 palmitoyloleoylphosphatidylserine (POPS), 5-, 7-, 10-, and
domain-membrane interface is limited, and there are 12-doxyl spin-labeled phosphatidylcholines were purchased
inconsistencies among the data. From photolabeling andfrom Avanti Polar Lipids (Birmingham, AL) and used
monolayer experiments, the cPLA2 C2 domain appears toWithout further purification. Dansyl-PENE(5-dimethylami-
penetrate the membran23 27, 28). Fluorescence data place nonaphthalene-1-sulfonyl)-1,2-dihexadecarsyblycero-3-
all three C&*-binding loops in contact with the membrane, Phosphoethanolamine] was obtained from Molecular Probes
while theg-strands exhibit no direct membrane conta2®.(  (Eugene, OR), and the sulfhydryl-reactive spin label 1-oxyl-
A model generated in a previous EPR study place¥'Ca  2.2,5,5-tetramethyA3-pyrroline-3-methyl methanethiosul-
binding loop 3 into the bilayer, loop 1 on the aqueous side fonate (MTSSL) was purchased from Toronto Research
of the lipid phosphates, arfi¥strand 3 close to the interface  Chemicals, Inc. (North Fork, Ontario, Canada). The para-
(22). One difficulty with the fluorescence study is that it magnetic reagent nickel(ll) ethylenediamiNgN'-diaacetic
mapped out the protein surface that interacts with the acid (NIEDDA) was synthesized as described previously
membrane but did not quantitate distances. In contrast, the(31). Unfolded, lyophilized bacterio-opsin cysteine mutants
EPR study measured distances from the membrane surfacén SDS detergent were generously provided by Duncan
to water-exposed residues but did not quantitate the depthGreenhalgh and Gobind Khorana. The mutants were refolded,
of penetration into the bilayer. Moreover, the EPR measure- regenerated, and reconstituted as previously descrB#d (
ments used lower ionic strength and vesicles composed of ainto a lipid mixture of 3:1 POPC/POPS.
charged nonphysiological acidic lipid, conditions which may  Preparation, Purification, and Spin Labeling of Single
have perturbed the docking interaction. NMR chemical shift Cysteine Mutants Site-directed mutagenesis to produce
changes that were measured in detergent micelles providesingle cysteine mutants of the C2 domain from cytosolic
an indication of the protein surfaces that contact membranesphospholipase Aa was carried out as described previously
(17). Surprisingly, chemical shift changes at regions distal (21, 25). Native and single cysteine mutated C2 domains
to the putative binding face were also observed. Such studieswvere expressed i&. coli, refolded from inclusion bodies,
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and affinity-purified on a phosphatidylcholine (PC) matrix (67 — & )/(0m™* — 6i%). Here om and d; represent the
(25). The domain was spin-labeled by reacting the cysteine- line widths of the most mobile and immobile MTSSL labels
containing protein with a 3-fold molar excess of MTSSL in previously observed in protein8Q).
the dark for 30 min §3). The resulting labeled protein was Continuous-wave power saturation measurements were
separated from unreacted label by repetitive dilution and performed by placing samples in gas-permeable TPX capil-
ultrafiltration. laries (Medical Advances, Milwaukee, WI) and recording
Measurement of C2 Domain Membrane Affiniti@he the peak-to-peak first-derivative amplitudg,, of them, =
affinities of the spin-labeled C2 domain for POPC/POPS 0 resonance as a function of microwave powerA,, was

membranes were measured as previously descrit)esdl). then fit to the expression:

In these measurements, FRET was used to monitor the

proximity of a protein-bound donor (intrinsic Trp 71) to a A,0) = |ﬁ’1 F (- 1)i —e )
membrane-bound acceptor (dansyl-phosphatidylethanol- P P

amine, or dPE). Small unilamellar vesicles (SUVs) composed
of 3:1 POPC/POPS and 5% dPE were prepared in 100 mMwhere| is a scaling factorPy, is the microwave power
KCI, 20 mM HEPES, pH 7.4, by sonication. The SUVs were required to reduce the resonance amplitude to half of its
titrated into a solution containing 08\ C2 domain and 1~ unsaturated value, ards a measure of the homogeneity of
mM CaCb in the same buffer, yielding a total lipid the saturation of the resonan@d). In this fit, I, €, andPy,
concentration ranging from 1 to 3Q0. At 25 °C, protein- are adjustable parameters and yield a characteniic
to-membrane FRET was monitored by exciting the donor Values forPy; are then generated for each sample under
(Aex = 284 nm) while measuring the acceptor emissitu ( three different conditions: (1) equilibrated with nitrogen; (2)
= 520 nm). The FRET signal increases with the concentra- equilibrated with air (20% oxygen); and (3) equilibrated with
tion of acceptor-containing vesicles (POPC/POPS, 3:1, nitrogen in the presence of NIEDDA (experimental concen-
containing 5% dPE) as the C2 domain docks to the trations ranged from 10 to 100 mM NIiEDDA, but were
membrane, until saturation is achieved. A binding constant, normalized to an effective concentration of 20 mM). From
Kg, and the standard deviation were determined by nonlinearthese values dPy,, a collision parameter for II°%) was
least-squares best-fit of a standard binding equation for adetermined according to
homogeneous population of independent binding sites. The
lipid affinity of each mutant relative to wild type was oxy __ AP} 5(Oy) .
calgulalged as ;tjhe ratilﬁB(mutgnt)KB(wlilldltypr—.:j) frc])r mutant ) = P'l/z(DPPH)_
and wild-type data measured in parallel, and the error of the _
relative affinity was propagated from the best-fit errors for PuAO)/AH,(O;) — Pyo(N)/ AH (N,)
the numerator and denominator. P1(DPPH)AH,(DPPH)

Large Unilamellar Vesicles for EPR.arge unilamellar
vesicles (LUVs) were prepared with a POPC:POPS ratio of Here, AHpp is the peak-to-peak line width for the central
3:1 by mixing the appropriate aliquots of lipids, drying the resonance of the EPR spectra. A similar expression can be
solution under a stream of argon, and vacuum-desiccatingWwritten for TINEPPA, the collision parameter for NiEDDA.
the mixture overnight. The resulting film was hydrated in a P2(DPPH) andAH,(DPPH) were obtained for a solid
buffer of 1 mM CaC}, 100 mM KCI, 20 mM PIPES, pH  sample of DPPHd,a’-diphenyl$-picrylhydrazyl) @5). A
7.0, for 1 h, vortexed thoroughly, and extruded through a depth parameterp, was calculated from th&l values by
polycarbonate filter with a 0.km pore diameter using a  the expression:
hand-held Mini-Extruder (Avanti Polar Lipids, Birmingham,
AL). Lipids were extruded at a total concentration of O=1In ’ |0
approximately 150 mM and then diluted for use. For [TNVEDDA
measurements of the spin-labeled lipid standards, doxyl 5-,
7-, 10-, and 12-PCs at a concentration of approximately 1 Reference points fob values at known positions within the
mol % were codissolved in chloroform with POPC/POPS bilayer were obtained for doxyl-labeled phosphatidylcholines
(3:1) and extruded to form LUVs as described above. and bacteriorhodopsin (bR) mutants in membranes having

EPR MeasurementBor EPR spectroscopy, protein sample the same lipid composition as that used for power saturation
concentrations typically ranged from 20 to 200, and the measurements on spin-labeled cPLA2 C2 domain. The
lipid vesicles (LUVs) were used at a concentration of 37 positions of the spin-labeled lipids and bR mutants were
mM or higher to ensure complete membrane binding and taken to be those published previousBA,(36).
low surface densities. Buffer solutions contained 1 mM  Modeling the Orientation of the C2 DomaiRrevious
CaCb, 100 mM KCI, 20 mM PIPES, pH 7.0, except for work has shown that there is a roughly linear dependence
measurements made under conditions of high-viscosity whichof @ as a function of depth within the bilayer interior for
also contained 30% Ficoll 400. EPR spectra were recordedboth protein- and lipid-associated spin lab&$)( However,
using either a Bruker ESP300 spectrometer or a Varian E-linethis relationship fails at distances that are sufficiently far from
Centuries series spectrometer. Both were fitted with X-band the membrane interface because the standard-state chemical
loop-gap resonators (Medical Advances, Milwaukee, WI). potentials of oxygen and metal complex approach their bulk
All full spectra were recorded at room temperature and were values. Since many sites on the C2 domain are expected to
typically an average of two, 4-min scans. From the peak- lie near but outside the membrane interface, a behavior for
to-peak line width of the EPR central resonantdhe scaled @ on the aqueous side of the bilayer interface is needed.
mobility, Ms, for the nitroxide was determined fronMs = The value of® must become distance-independent in bulk

©)
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solution (or in bulk hydrocarbon) but have a continuous e 12
transition to a more linear region within the membrane g ol 0 WT
interior. The expected behavior may be described by a E—« i 22221
hyperbolic tangent function: £% 087
€5 06
® = AtanhB(x — C)] + D (4) £ fos]
wherex represents the distance of the label from the lipid .§ 0.2 A
phosphate (positive valuesére inside and negative values a 00+
are outside the bilayery andD set the bulk values ab in R T Y
water and hydrocarborC determines the position of the [PCIPS] (uM) ’
reflection point of the curve, anBl determines the slope of i
the curve. On the aqueous side of the membrane interface, £ 109 o vesc
eq 4 asymptotically approaches a minimum value associated €508 vosR1
with the bulk aqueous phase. Inside the bilayer, eq 4 :‘éﬁ 06
increases approximately linearly but eventually approaches g f '
a maximum limiting value. As shown below (see Results), & 8044
this function accurately describes previously published data. g T 024 B
To model the orientation and position of the C2 domain 5 0.
at the membrane interface, the R1 side chain was appended = T
to the NMR-derived structure of the cPLA2 C2 domain (PDB 0.1 1 [PCIP1S% M) 100 1,000

ID: 1BCI) (17) at the labeled sites. The modeling and

distance computations were carried out using WebLab FiIGURe 1: FRET measurements of membrane affinity. A FRET

ViewerPro (MSI, Inc., San Diego, CA), Insight (MSI, Inc.),
and MatLab (The Mathworks, Natick, MA). Most of the

assay was used to monitor the proximity of a protein fluorescence
donor (intrinsic Trp 71 of the C2 domain) to a membrane-bound
acceptor (dansyl-labeled phosphatidylethanolamine, or dPE) (see

labels were placed in configurations determined by recent Materials and Methods). The solid lines are best-fit curves calculated

crystallographic studies on R1BY), where the first and
second dihedral angles are in @gtg+ conformation.
Residues 59, 64, and 106 were placed @i configuration

for homogeneous binding sites. Experiments were conducted at 25
°C in a buffer containing 100 mM KCI, 20 mM HEPES, 1 mM
CaCl, pH 7.4.

due to steric constraints. A set of coordinates for the nitrogen

atom on the R1 side chain was then generated, and therejative to Wild Type

Table 1: Membrane Affinities of Modified cPLA2 C2 Domain

membrane-bound position of the C2 domain was defined by

. . cysteine R1 5-FM
three Euler angles and its placement along the bilayer normal. i, tation locatioh mutant labeled labeled
The position of the domain was varied along with the ——_~ 5162 (CBL1) 019£002 06£01 04+02
quantities (D— A), B, andC of eq 4 to find the best-fit L39C  S1$2(CBL1) 057+0.07 1.4+02 0.3+0.1
between the C2 domain data, the spin-labeled phosphatidyl- ssi1c g2 1.1+0.3 1.0+ 0.2 2+ 1
choline and bacteriorhodopsin calibration points, and the R59C 3 13+03  1.2+03 08+£05
form of eq 4. Thus, seven parameters were simultaneously mggg gg:gi Eggtg g'gi 8'% 061;i 8'23 113; 8'2
varied to generate a self-consistent model describing both n7oc g4 09+02 09+03 10+07
the depth-dependence @fand the location of the C2 domain N82C  p4-85 0.7+£0.2 0.7+£0.2 1.3+038
in the membrane. The resulting model is constrained by the Y9C 3546 (CBL3) 0.18£0.03 0.8£0.1  0.2+0.1
form of eq 4,® data for the C2 domainp values for spin- M98C ~ f5-66(CBL3) 0.7£02  08+03  5+2

A . o T106C f36 1.0£03 12404 05402
labeled lipids and bR, and geometrical constraints imposed 71713¢c 8657 12403 10+02 11+04
by the solution structure of the C2 domain. N125C p7-88 1.0+ 0.3 0.7+£0.1  1.0+0.3

RESULTS

Thirteen single-cysteine mutants of the cPLA2 C2 domain

a2 A FRET assay was employed to measure the lipid affinity of each
modified protein (see Materials and Methods). The affinities compare

Labeling and Membrane Binding of Mutant C2 Domains. cysteine mutants, R1-labeled mutants, and 5-fluorescein-maleimide (5-

FM)-labeled cysteine mutant&1) to wild type: Kg(mutant)Kg(WT).
For wild type, the average binding constant was= (6 & 2) x 10*

were labeled with MTSSL and purlfled A fluorescence M*ll Corresponding to a dissociation constantkgf= 16 + 4Iu|\/|_
resonance energy transfer (FRET) assay (see Materials andlPositions located on calcium- and membrane-binding loops are
Methods) was used to determine the effect of each Cysteinemdlcated CBL, and those gftstrands or non-calcium-binding loops

mutation and each R1-derivatized mutant on the C2 domain
affinity for POPC/POPS membranes. Shown in Figure 1 are

between strands are indicated by the strand nunilégfrthe R1-labeled
mutants, only N64R1 exhibited a membrane affinity change over 2-fold.

representative binding curves for two C2 domain mutants,

and Table 1 summarizes the membrane affinity, relative to effects of R1 at these sites are negligible. Two cysteine
wild type, of each unlabeled and spin-labeled mutant. For mutations within the calcium-binding loops are more per-
comparison, previously measured relative affinities for these turbing: the replacement of an aromatic residue with cysteine
same mutants derivatized with 5-fluorescein-maleimide (5- at position 35 in calcium-binding loop 1, or at position 96
FM) are also shown. In general, the introduction of a cysteine in calcium-binding loop 3, results in a dramatic decrease in
or R1 side chain has little effect on membrane docking. membrane affinity. However, incorporation of the R1 side
Cysteine mutations outside the calcium-binding loops yield chain at these sites recovers much of the lipid affinity,
lipid affinities within a factor of 2 of wild type, and the restoring the binding constants to within 2-fold of the wild-
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the C2 domain when fully bound to PC/PS (3:1) membranes.

Maximal values ofMg are obtained for labels in loop regions
.' . N64R1 opposite the membrane-binding face (positions 82 and 113);
minimal values are obtained for labels in loop regions associated
_ N68R1 with the membrane (positions 35, 39, 96, and 98). Error bars were

generated by best-fit estimates of the line width.

N72R1
' association. Each of the membrane-bound spectra shown in
_ Figure 2 is consistent with surface-labeled sites. At several

positions, for example, 68, 72, 82, and 113, the spectra are
T106R1 .. . . . .

similar to others seen at sites where there is a single dynamic

population undergoing anisotropic motid3gf. To compare

the spin label rotational dynamics of different labeling

K113R1
.ff\/\/\fjﬁ positions in the membrane-docked state, the line width of

N82R1

each membrane-associated spectrum was used to calculate
a scaled R1 side chain mobilitig), summarized in Figure
3 (see Materials and Methods). These mobilities provide an
FIGURE 2: X-band EPR spectra of spin-labeled C2 domain mutants approximate measure of label dynamics ranging fidg=
in the absence (shaded line) and presence (solid line) of PC/PS1 for the most mobile R1 side chains in proteindo= 0

(3:1) lipid vesicles. All EPR spectra were recorded with a lipid t0  for the most immobile R1 side chaing(Q). The largest R1

protein ratio of 200:1 or greater in a buffer containing 1 mM GacCl ; ; i i
100 mM KCI, 20 mM PIPES, pH 7.0, at 2%, and have been side chz_im mob|llt!es are found at positions 82_ and 113
normalized against the total number of spins. The amplitudes for located inloop regions at the end of the domain distal to the

pairs of mutant spectra have been scaled independently. membrane docking face. Thds values at these positions
are consistent with values observed in the loop regions of
type protein. Of the spin-labeled mutants, only N64R1 in proteins and indicate that these distal loops are very dynamic
the second Ca-binding loop alters the lipid affinity at least  even in the membrane-docked state. The lovikstalues
2-fold compared to the wild-type protein. Overall, Table 1 are found at positions 35, 39, 96, and 98 in the first and
shows that the smaller R1 side chain is less disruptive thanthird calcium-binding loops. These loops are on the membrane-
the larger 5-FM probe. In particular, labeling with 5-FM interacting face of the domain, and the lower mobility at
alters the lipid affinity more than 2-fold at 6 of the 13 these sites may reflect either diminished backbone motion
positions tested. The remarkably small effects of R1 on lipid of the loops or restricted local rotation of the labeled side
affinity as well as the observation that R1 generally does chains due to interactions with phospholipids. Thus, for the
not perturb protein structur@g) are consistent with the fact membrane-bound C2 domain, the EPR line widths indicate
that R1 is similar in size and hydrophobicity to some natural that side-chain labels on the water-exposed loops are highly
side chains. dynamic whereas labels at the membrane interface undergo
EPR Spectra Real Binding to POPC/POPS Membranes. significantly less motional averaging.
EPR spectra for 13 spin-labeled C2 domain mutants are Collision Parameters Indicate That Two &aBinding
shown in Figure 2 in the absence and presence of POPC/Loops Penetrate into the Membrartgach of the spin-labeled
POPS (3:1) membranes. All samples included 1 mM*Ca mutants shown in Table 1 was power-saturated to determine
to ensure full occupancy of the C2 domain?Géinding collision parameters between the R1 side chain and either
sites. In addition, the 37 mM average lipid concentration and O, or NIEDDA as described under Materials and Methods.
200:1 lipid to protein molar ratio ensured that all modified In these experiments, lipid-soluble, @erves as a probe for
proteins were completely membrane-associated at low sur-membrane insertion, while the polar NiEDDA tests for
face density. For every spin label position, membrane aqueous exposure. Table 2 summarizes the collision param-
association causes the EPR spectrum to broaden and decreasgersIT® and ITNEPPA for each of the mutants, as well as
in amplitude, suggesting a loss of C2 domain rotational for spin-labeled lipids and bR mutants incorporated into PC/
diffusion on the nanosecond time scale upon membranePS (3:1) vesicles. Figure 4 plof$® versusIINEPPA and
docking. Spin label positions 35, 39, 96, and 98 (Figure 2A) also displays the previously determined boundaries that
yield the most dramatic amplitude losses upon membranedefine the R1 label environmen89). Data are shown for
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Table 2: Collision and Depth Parameters for cPLA2 C2 Domain, Lipid, and Bacteriorhodopsin Associated Spif Labels

mutant T19%yq HNiEDDAaq T1%ipig HNiEDDAnpid Diipid distancé distancé
F35C 0.15+£ 0.01 1.46+ 0.06 0.344+0.03 0.08+ 0.01 1.45+ 0.15 9.1 9.4
L39C 0.43+0.02 5.524+ 0.27 0.46+ 0.03 0.02+ 0.01 3.14+ 0.50 14.8 14.7
S51C 0.23+0.01 2.52+0.11 0.17+£0.01 1.90+ 0.06 —2.414+0.07 —-4.8 (—=11.5)
R59C 0.19£ 0.01 3.15+0.11 0.11+0.01 1.08+ 0.06 —2.284+0.11 0.4 €7.4)
N64C 0.19+ 0.01 1.11+ 0.06 0.11+0.01 0.524+ 0.03 —1.55+0.11 2.6 -0.2
N68C 0.22+ 0.01 1.97+ 0.10 0.14+ 0.01 1.124+0.04 —2.084+ 0.08 —15.4 +4.3)
N72C 0.24+ 0.01 2.244+0.09 0.18+ 0.02 2.35+0.09 —2.57+0.12 —-21.9 nd
N82C 0.38+ 0.02 4.444 0.19 0.25+ 0.01 2.05+ 0.15 —2.104+ 0.09 —=17.9 (+4.5)
Y96C 0.40+ 0.02 5.29+0.21 0.29+ 0.02 0.164 0.02 0.59+ 0.14 55 7.1
M98C 0.25+0.01 2.424+0.08 0.27+0.03 0.08+ 0.03 1.22+ 0.39 7.7 8.8
T106C 0.17+ 0.02 1.50+0.11 0.164+ 0.02 1.35+ 0.08 —2.13+0.14 —4.4 +=4.9)
K113C nd nd 0.20+ 0.02 1.59+ 0.06 —2.07+0.11 —30.6 +4.2)
N125C 0.21+ 0.02 3.72+:0.26 0.21+ 0.02 1.82+0.33 —2.164+0.20 —4.4 (=5.3)
5-DOXYL 0.31+0.02 0.07+0.01 1.49+ 0.15 8.1 9.5
7-DOXYL 0.39+0.03 0.05+ 0.01 2.05+£0.21 10.5 11.0
10-DOXYL 0.56+ 0.04 0.05+ 0.01 242+ 0.21 14.0 12.1
12-DOXYL 0.67+0.04 0.044+ 0.01 2.82+0.26 16.0 13.4
bR 109 0.44+ 0.05 0.05+ 0.01 2.17+0.23 11.0 11.4
bR 116 0.61+ 0.06 0.01+ 0.007 4,11+ 0.71 20.5 21.1
bR 117 0.674 0.06 0.014 0.006 4,20+ 0.61 22.5 22.3
bR 124 0.214+ 0.03 0.03+ 0.01 1.95+ 0.36 10.5 10.7

a All membrane-associated spin labels were measured in membranes having identical compositions using the same paramagnetic reagents. Collision
data for the cPLA2 C2 domain are given with no lipid present (aq) and bound to PC/PS LUVs {liNiof) determined (nd): Distances for the
C2 domain spin labels were obtained from the model shown in Figure 6 and correspond to the position of the nitrogen atom on R1 in angstroms
from the plane of the lipid phosphates. Positive distances are within the bilayer whereas negative distances are in the aqueous phase. Yhe uncertaint
in these distances, as defined by the uncertain® iand constrained by the structural model, is on the ordee®f. This error corresponds to
an uncertainty in the Euler angles defining the C2 domain orientation of ab&ut! Theoretical distances were calculated frdmusing eq 4.
Parentheses indicate values®df< —2.0, which are obtained for sites lying in the aqueous phase a few angstroms from the membrane. For these
sites, distances are poorly determined as indicated by eq 4 and Figure 5B.

6 . : : . mobilities (Figure 3). It should be noted that R1 at position
64 does not penetrate the bilayer; however, it does have the
lowest value of INEPPA for any of the labels with aqueous
exposure and thus likely lies near the bilayer. As expected,
spin-labeled lipids and bR mutants ha\devalues associated
with the lipid region of Figure 4.

For each spin-labeled lipid or protein, the depth parameter,
@, was determined from the collision parametEi%¥ and
[INEPDA 35 summarized in Table 2. All of th@ values for
spin-labeled lipids and bR mutants are positive due to the
high frequency of collision with oxygen, and a low frequency
of collision with NIEDDA. By contrast, most of theb

Oxygen parameters for the membrane-bound C2 domain are highly
FiGURE 4: Collision data,ITo¥ versusIINEPPA for the R1 side negative, indicating aqueous exposure, except for the spin-
chain attached to the C2 domain. Data points are shown for the C2labeled sites 35, 39, 96, and 98. These spin-labeled residues
domain in aqueous solutionaj and bound to PC/PS (3:1)  exhibit positive values ofP, indicating that they penetrate
membranes(). Collision data are also shown for doxyl-labeled ¢ pijaver. Insertion of these residues indicates that the first

phospholipids@®) and spin-labeled bR mutant3); The placement - I . . L
of boundaries indicating label environment was taken from data @nd third Ca"-binding loops of the C2 domain reside within

published for bacteriorhodopsi®9). For the C2 domain protein  the membrane.

Of the chart. in he présence of ipd, al 2 domain mutants arein ¢ odeling the Depth Dependence dfand the Locaton

(0) . . .

the aqueous region?with the excgpti’on of 35, 39, 96, and 98, which of the_* Mem_brane-Bound C2 Domaifio orient the CZ

are found in the lipid region. As expected, spin-labeled PCs and domain relative to the membrane, a procedure that simulta-

bR mutants are located in the lipid region of the chart. neously explored both the spatial dependence® @ind the
geometry of the proteinmembrane complex was developed.

the C2 domain in agueous solution, the C2 domain bound This modeling utilized five types of constraints: (i) an

to membranes, spin-labeled lipids incorporated into POPC/ equation describing the behavior of the depth parameter,

POPS membranes, and bacteriorhodopsin mutants. In thegX); (i) the experimentatb values from the spin-labeled C2

absence of membranes, the protein spin-labeled sites havelomain; (iii) ®© values for lipid and bacteriorhodopsin spin

collision parameters consistent with an aqueous exposurelabels at known values of (iv) the known NMR solution

When bound to POPC/POPS membranes, four of the labeledstructure of the C2 domain; and (v) the orientations of the

sites (35, 39, 96, and 98) have collision parameters thatprotein-bound spin labels.

clearly place these residues within the lipid bilayer. Thus, As indicated above (Materials and Methods), a hyperbolic

the collision parameters correlate with the scaled spin labeltangent function was employed (eq 4) to describé)

NiEDDA
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2l gé Ficure 6: Orientation of the averaged NMR structure of the C2

? domain on the membrane interface produced by the fit shown in

Figure 5B. Both the first and third €&binding loops are buried
deeply within the bilayer. The backbone of the secon8r @inding

loop is positioned near the level of the lipid phosphates. (A) cPLA2
C2 domain (PDB ID: 1BCI) with MTSSL spin labels appended at
13 residues. The nitrogen in the nitroxide radical is depicted as a
green sphere. Calcium ions are shown in magenta. The green plane
that is illustrated is parallel to the bilayer interface and positioned
at the level of the lipid phosphates. (B) Backbone rendering of the

cPLA2 C2 domain (PDB ID: 1BClI) that is docked to a dynamically
simulated POPC bilayel50—52). Note that the bilayer structure
was obtained from a dynamic simulation in the absence of protein.

Ficure 5: Calibration curves generated by computer simulations.
(A) Previously measured bilayer depth parametérsplotted as a
function of distance from the lipid phosphate for a series of spin-
labeled bacteriorhodopsin mutants in egg-PC bilay8ts (These ) ) o
® parameters were measured using 20 mM nickel(ll) acetylaceto- parameters were simultaneously varied defining the shape
nate as the paramagnetic metal reagent. The solid line represents af the hyperbolic tangent functiod(— A, B, andC in eq
aqueous value fo of —2.6 and an estimate® of 4.5 for the : . : : :
bulk hydrocarbon (parameters obtained from the fitAare 3.8,B orientation and depth of the spl_n-labe_le_d C2_doma|n relative
=0.079,C = 10.2, andD = 1.1). (B) Depth parametab(x) (solid to the membrane surface. During this iterative process, the
line) determined by a fit of the measure&®l values for the C2 lipid and bacteriorhodopsin calibration points remained fixed.
domain @), doxyl-labeled phosphatidylcholinea); and bacteri-  Ultimately the approach converged on a self-consistent model

orhodopsin mutants). The orientation and position of the domain defining both the depth dependencedfand the position
along the bilayer normal were varied until a best, least-squares fit of the C2 domain on the membrane

was obtained for thé& parameters to eq 4 as described in the text. . .
Figure 5B shows the experiment@l values from the C2

Values found forA, B, C, andD in eq 4 were 3.5, 0.11, 8.2, and
1.0, respectively. domain and the best-fit membrane-associated depths along
with the best-fit to eq 4. The best-fit suggests that the value
because it exhibits the correct limiting behavior. To provide of ® reaches 95% of its bulk aqueous value at a distance of
additional justification for this choice, eq 4 was tested on a about 10 A from the bilayer. In fact, the gradients change
previously published data set obtained for bacteriorhodopsinlittle at distances greater th& A from the interface, making
(31). Figure 5A illustrates a best-fit of this function to the distance determinations by the collision-gradient method
data. This fit was constrained by the aqueous bulk limit, difficult beyond this point. Inside the membrarde jncreases
which is the differenceld — A) in eq 4. This bulk limit was in an approximately linear fashion. The fit between eq 4 and
experimentally determined to b = —2.6 by measuring  the data is reasonably good, particularly given the assump-
the @ value for aqueous 3-carboxyproxyl. The limit in the tions made regarding spin label conformations and the
membrane interiord + A) was estimated to bé = 4.5 possibility that the C2 domain structure may change upon
based on the maximab values observed for deeply buried membrane docking. The best-fit parameters defirdr(g)
spin labels 81). Equation 4 clearly provides a reasonable (eq 4) were found to be the followingA = 3.5,B = 0.11,
fit to these data and has an approximately linear dependenceC = 8.2, andD = 1.0.
inside the membrane with a smooth transition to the limiting  Orientation and Depth of the Membrane-Bound C2
aqueous value. It should be noted that while this empirical Domain Figure 6A, B illustrates the best-fit location of the
expression fits reasonably well with the existing data, C2 domain relative to the lipid phosphate layer at the
additional data (particularly in the headgroup region) might membrane surface. The first and the thirdGlainding loops
ultimately indicate that a more complex function is required. are found at approximately the same distance within the
The data shown in Figure 5A were obtained using a membrane bilayer so that the backbones of these loops lie
different metal reagent and in membranes having a different approximately 9-10 A below the level of the lipid phos-
composition than those used here. To defibg) for the phates. At least one of the side chains attached to these loops
lipids and reagents used here, valuestofvere obtained rests considerably deeper in the interface due to the position-
for spin-labeled lipids and spin-labeled bR at known positions ing of the backbone. For example, L39R1 resides at a
relative to the headgroup phosphate. Coordinates for the spin{osition approximately 15 A below the lipid phosphates. The
labeled C2 domain mutants were generated as detailed undebackbone of the second €abinding loop does not penetrate
Materials and Methods. To fit the data to eq 4, three significantly into the membrane but is positioned near the
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of a high-viscosity medium. At positions that are exposed
A N64R1 A L39R1 to the aqueous phase in the membrane-docked state, for
example, sites 59, 72, and 82, the spectra are similar and
indicate that membrane docking immobilizes the domain
without changing the local motion and interactions of the
label. However, at sites that are near or within the membrane
A Yo6R1 NT2RA interior, sites 39, 64, 96, and 98, the solution and membrane-
bound spectra are significantly different. At these sites,
membrane docking not only immobilizes the domain but also
alters the local motions of the R1 side chains at these
positions. In the case of residue 39, the R1 side chain is
localized deep within the bilayer, and the broadening is likely
the result of an interaction of the side chain with the
membrane hydrocarbon. For the R1 side chain at positions
96 and 98, a broad component appears in the low-field region
upon membrane binding (see arrows in Figure 7), which is
characteristic of R1 immobilization due to tertiary contact.
This tertiary contact could be due to interactions with
FiGUrRe 7: EPR spectra of several spin-labeled C2 domain sites jmmobilized lipid or steric interactions that accompany

(A) in aqueous solution in high-viscosity media and (B) in the ; indi
presence of PC/PS membranes. In the presence of PC/PS mem§tructural changes in the Eabinding loops upon membrane

branes, the C2 domain is fully membrane-associated. In aqueousdocking. An opposite change takes place for the N64R1 label.
solution of sufficiently high viscosity, the rotational rate of the In this case, tertiary contact that is seen in the aqueous phase
protein is slowed so that protein rotational diffusion does not is partially removed upon membrane docking of the C2
significantly average the magnetic anisotropies that contribute to domain. The increase in motion is due to a change in the

the EPR line shapes. Under these conditions, changes in line shap ;
reflect changes due to differences in the interactions made by theTsocal environment of the label, and could reflect an altered

R1 side chain. For the labels N64R1, YO6R1, and M98R1, arrows conformation of the second €abinding loop. In fact, .
indicate broad components in the low-field resonance. These modeling of the C2 domain suggests that an outward twist
spectral components are a result of R1 that is undergoing tertiary of this loop could account for the increased label mobility.
contact within the protein or with immobilized lipid. The high- |t should be noted, however, that N64R1 is significantly
viscosity medium contained 30% Ficoll 400 in the standard EPR perturbed in its membrane binding. In addition, molecular
buffer (see Figure 2 legend). . - . o
modeling indicates that R1 cannot be introduced in its

level of the lipid phosphates such that some side chains onPreferred conformation into the solution structure of the C2
this loop could penetrafeStrand 3 on the lower half of the ~domain at site 64 (see Materials and Methods). As a resullt,
p-sandwich is tilted upward at an angle of approximately R1 may not be well tolerated at this site, and the changes in
30° from the plane of the bilayer, while strand 5 (on the motion may be unique to this label. Additional measurements

upper half of theg-sandwich) is positioned approximately Wil be required to determine whether there are indeed
42"pfrom the plaange of the bil)ayer? PP y changes in the structure of this Tainding loop upon

EPR Spectra Indicate Changes in Side-Chain Tertiary membrane binding.
Contact upon Membrane Bindingo determine whether the  pjSCUSSION
changes seen between the agueous and membrane-bound . o . .
EPR spectra in Figure 2 were due entirely to changes in the !N the work described here, site-directed spin labeling was
rotational rate of the C2 domain, we acquired aqueous spectraS€d 0 investigate the orientation and position of the C2
in a high-viscosity medium. As discussed elsewhere, high domain of cPLA2 on membrane surfaces. This was ac-
viscosity slows the rotational diffusion of the protein in CcOMPlished by using depth parameter) (for known
solution but does not significantly alter side chain dynamics positions on the C2 domain, together with the known
(40). Under these conditions, EPR spectra reflect the local structure of the C2 domain and multiple calibration points
motion of the label, which should primarily be determined to orient the domain at the membrane interface. Collision
by rotations about the fourth and fifth dihedral angles of the 9radients for @and metal ions through the bilayer are known
side chain and by backbone dynami@s)( to prpduce a roughly linear behavior @fwithin the bilayer

Figure 7 shows a comparison between EPR spectra forinterior (31, 41). Although the exact shape of the dependence
the C2 domain in aqueous solution in a high-viscosity through the interface and outside the bilayer is not known,

medium and bound to lipid bilayers. In all cases examined, ;I) dToucSa:rtr)(ca)zri]d:/Vae g?s{ﬂ?r?egﬂuﬁ Ilr;(c))lllijcmt);n a:r?t :th;uelkfor
the lipid-bound spectra were not influenced by the presence Y ) yp 9 P

d(X) (eq 4) and simultaneously varied the steepness and
: : : width of this function, together with the orientation and depth
ZIn Figure 6A, residue N64R1, in loop 2, appears to be located of the C2 domain relative to the membrane, to develop a

slightly within the bilayer interior. This is inconsistent with the collision -
data given in Table 2 and Figure 4, which localize the labeled side self-consistent model for the depth dependencebadnd

chain outside the bilayer. This discrepancy may be due in part to the geometry of the protetrmembrane complex. In prin-
conformational differences between the membrane-bound form and theciple, any number of functions might have been used to

NMR solution structure, and to greater uncertainty in the configuration described(x), but the choice of eq 4 is reasonable because
of the labeled side chain for position 64 due to steric constraints. As ’

indicated by the data shown in Figure 7, there appears to be a changdt Produces the correct limiting behavior in the bulk agueous
in the structure of N64R1 upon membrane binding. phase, yields a roughly linear region within the bilayer

A M98R1 N82R1

%%'
T
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interior, and approaches a maximum inside the bilayer. The results 21). In the fluorescence study, 5-FM probes located
shape of®d(x) shown in Figure 5 indicates that the collision at the 35, 39, 96, and 98 positions were the most strongly
gradients do not change significantly at a distance more thanperturbed by membrane binding, while a probe at position
5 A from the phosphate group on the aqueous side of the64 displayed a weaker but detectable perturbation, and a
membrane interface. As a result of this dependence, distancgrobe at position 68 showed no detectable perturbation. This
errors rise significantly whed® drops below a value of 2, follows the pattern observed in Table 2 for the EPR
such that the method does not accurately define distance<ollisional parameters of the same-labeled positions. The
more than a few angstroms off the membrane interface. Thispresent EPR data indicate that the first and thiré"@dinding
behavior for® is consistent with EPR measurements made loops interact strongly with the bilayer, and that the second
on basic peptides that reside several angstroms from theCa"-binding loop interacts more weakly. This conclusion
membrane interfacetp). is generally consistent with the results of the lipid affinities

In addition to the intrinsic error in the measurement of measured by FRET as summarized in Table 1. The increase
@, there are several other sources of error that limit the in membrane affinity upon incorporation of R1 at sites in
accuracy of the fit shown in Figure 5 and hence the the first and third C&-binding loops is consistent with a
orientation and depth determined for the C2 domain. The hydrophobic interaction between the spin label and the
membrane depths of the lipid nitroxide probes used to bilayer interior. Incorporation of R1 outside these loops has
calibrate the protein data are not precisely known and could little effect on the membrane affinity.
vary from the assumed values if these lipids undergo A previous study based upon site-directed mutagenesis and
extensive conformational dynamics. Although we have made monolayer studies implicated the same loops in membrane
reasonable guesses regarding the conformation of R1, thedocking @3); however, the present EPR data position the
orientations of the labeled side chains on the labeled domainfirst and third C&™-binding loops substantially deeper within
are not precisely known. To test the sensitivity of the fit to the bilayer interior. In an earlier EPR study, the domain was
side chain conformation, we varied the positions of several found to be tilted so that the backbonefa$trand 3 interacts
important side chains through a range of rotomeric states.with the membrane2®). No evidence was found here or in
Despite these changes, we still obtain reasonable fits thatthe previous fluorescence work for membrane contact of this
produce approximately the same membrane position for theS-strand. This earlier EPR study utilized a different approach
domain as that shown in Figure 6 (data not shown). Another than that used here and was carried out at lower ionic strength
potential source of error is the assumption that the C2 domainand in membranes composed entirely of acidic lipid. These
solution structure does not change upon membrane binding.conditions may have promoted a stronger electrostatic
While small changes in the structure are possible, the interaction between the basic cluster @istrand 3 and the
reasonable fit shown in Figure 5B argues against drastic highly anionic membrane surface. Indeed, previous work
structural changes upon membrane binding. Previous NMR carried out on basic peptides indicates that the position of
studies of the domain docking to micelles found that chemical charged residues above the membrane interface is dependent
shift changes were mainly localized to the calcium- and upon membrane surface charge densih2, (44). The
membrane-binding loops, and fluorescence studies found thatresulting C2 domain tilt found here still allows for an
the majority of probes perturbed by membrane docking were electrostatic interaction betweghstrand 3 and the mem-
on or near the membrane-binding loofds,(21). brane interface. In fact, with the lipid composition and ionic

It is interesting to note that several labels lying within the strength used here, an optimal interaction between positively
aqueous phase exhibit depth parameters that differ signifi- charged side chains and the anionic membrane surface is
cantly from one another, given the known experimental error. obtained when these charged residues lie several angstroms
Because these labels are relatively distant from the interface off the interface 42, 44, 45).
and because they are designed to be fully surface-accessible, The new model presented here for the C2 domain
they should all have values df near that for a protein label  membrane interaction places the spin-labeled side chains of
in the bulk aqueous phase. This variation is consistent with the first loop as deep as 15 A below the lipid phosphates.
recent work showing that there is a substantial variation in The protein backbone is found as deep as 10 A, near the
the @ enhancements of nuclear relaxation rates for fully lipid carbonyl and well removed from bulk water. As noted
surface-exposed residues on ribonuclease48). (Such previously, the membrane docking of the cPLA2 C2 domain
differences are thought to be steric in origin, resulting from is driven primarily by hydrophobic interactions rather than
differences in hydration or counterion density. Thus, some by electrostatic interaction8,(21). The first and third C#&-
scatter in the fit shown in Figure 5B could arise from the binding loops contain numerous hydrophobic side chains that
effects of local structure and electrostatics on the collision could assist in the hydrophobic interactions between the
rates between Oor NIEDDA and the R1 side chain. protein and the bilayer, including F35, M38, L39, Y96, V97,
Improvement in the determination of this membrane-associ- and M98. Thus, the observation that these loops are deeply
ated structure could be made with measurements on ad-buried is fully consistent with the hydrophobic nature of the
ditional spin-labeled mutants and experiments that define thedocking interaction. The penetration of the domain into the
structural changes that occur upon membrane binding. membrane places the €aions near the carbonyl oxygens

Several previous studies have been directed at determiningof the fatty acid ester linkages, which may replace th&'Ca
the docking surface and orientation of this C2 domain on coordinating water oxygens observed in the free domain.
the membrane interface, and the position found here showsAlternatively, the domain may distort the local lipid structures
some similarities and interesting differences with previous so that C&" coordination is provided by lipid phosphate
work. The docking surface identified by fluorescence labeling oxygens as observed in the structure of the RKG2
of the same sites is in excellent agreement with the presentdomain bound to a lipid analogug®).
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