Biochemistry2003,42, 13227+13240 13227

Membrane-Docking Loops of the cPLA2 C2 Domain: Detailed Structural Analysis
of the Protein-Membrane Interface via Site-Directed Spin-Labeling
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ABSTRACT. C2 domains are protein modules found in numerous eukaryotic signaling proteins, where their
function is to target the protein to cell membranes in response tasignal. Currently, the structure

of the interface formed between the protein and the phospholipid bilayer is inaccessible to high-resolution
structure determination, but EPR site-directed spin-labeling can provide a detailed medium-resolution
view of this interface. To apply this approach to the C2 domain of cytosolic phospholipas®I2A,),

single cysteines were introduced at all 27 positions in the thré&-Qiading loops and labeled with a
methanethiosulfonate spin-label. Altogether, 24 of the 27 spin-labeled domains retafieac@eated
phospholipid binding. EPR spectra of these 24 labeled domains obtained in the presence and absence of
C&* indicate that C& binding triggers subtle changes in the dynamics of two localized regions within

the C&"-binding loops: one face of the loop 1 helix and the junction between loops 1 and 2. However,

no significant changes in loop structure were detected upéhiading, nor upon Ca-triggered docking

to membranes. EPR depth parameters measured in the membrane-docked state allow determination of the
penetration depth of each residue with respect to the membrane surface. Analysis of these depth parameters,
using an improved, generalizable geometric approach, provides the most accurate picture of penetration
depth and angular orientation currently available for a membrane-docked peripheral protein. Finally, the
observation that Ca binding does not trigger large rearrangements of the membrane-docking loops favors
the electrostatic switch model for €aactivation and disfavors, or places strong constraints on, the
conformational switch model.

Cellular signals are transmitted by a variety of mecha- trigger inflammation and that synthesize leukotrienes released
nisms, including the release of small molecule second as powerful chemoattractants4( 15).
messengers such as “Caor phosphoinositides, protein Previous studies have characterized a number 8f-Ca
translocation between cellular compartments, and protein regulated C2 domains that bind multipleXC#&ns and trigger
posttranslational modification. C2 domains are protein- docking to phospholipids on the surfaces of cellular mem-
signaling modules found in numerous signaling protelns ( branes 8, 7, 16—20). Most of these domains employ an
11). Usually, the function of such C2 domains is to trigger electrostatic mechanism of docking, and as a result, they
the translocation of proteins to specific cellular membranes require anionic lipids such as phosphatidylserine (PS) for
in response to a Ca signal. This targeting increases the membrane docking. In contrast, the C2 domain of cytosolic
likelihood of interaction of the signaling protein with its  phospholipase A(cPLA;) employs a hydrophobic mecha-
downstream target, often a membrane-bound lipid or protein. nism to dock to membrane surfaces containing neutral

Cytosolic phospholipase 2A(CPLAy)! hydrolyzes lipids phospholipids such as phosphatidylcholine (PC). Since the
containing arachadonic acid and thereby releases this im-cPLA; C2 domain is the first characterized example of a C2
portant precursor from nuclear and endoplasmic reticulum domain that exhibits a hydrophobic docking mechanism, it
(ER) membranes in response to a?Caignal (12). The is known to exhibit novel features of €aactivation and
protein consists of two structurally distinct domains, an membrane docking. These features are likely to be relevant
N-terminal C2 domain, which binds two €aions and to newly reported C2 and C2-like domains also proposed to
triggers docking to phospholipid membranes, and a C- use a hydrophobic docking mechanism, such as that of
terminal catalytic domain, which hydrolyzes the sn-2 ester 5-lipoxygenaseZl).
of arachidonic acid-containing phospholipid43). The Three high-resolution structures of the C2 domain of
protein initiates pathways that synthesize prostaglandins andcPLA; have been solved@—24). Two of these structures

define the isolated C2 domain in crystals or solution,

t Support provided by NIH Grant GM R01-63235 (to J.J.F.). respectively, while the third reveals the crystal structure of
*To whom correspondence should be addressed. E-mail: the domain in the context of the full-length protein. These
falke@colorado.edu. Tel: (303) 492-3503. structures have confirmed that the cPL&2 domain, like

! Abbreviations: cPLA, cytosolic phospholipase,APS, phosphati- ; ; A
dylserine; PC, phosphatidylcholine; PE, phosphoethanolamine; MTSSL other structurally characterized C2 domai#5{30), exhibits

1-0xyl-2,2,5,5-tetramethy;>-pyrroline-3-methyl methanethiosulfonate;  the classic eight-strand antiparaljgisandwich of the C2
NIiEDDA, Ni(ll) ethylenediamine diacetic acid. motif, with three interstrand Ca-binding loops that bind
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The present study introduces cysteines into all 27 positions

® of the three C&-binding loops of the human cPLAC2
\ m domain. This cysteine-scanning approach allows coupling
J of a thiol-specific spin-label to each cysteine for EPR

spectroscopy36). For 24 of the 27 positions, EPR spectra
have been acquired for the free apo domain, the frée-Ca
occupied domain, and the €aoccupied domain bound to
unilamellar phospholipid vesicles composed of a physiologi-
cal mixture of phosphatidylcholine (PC) and phosphati-
dylserine (PS). The EPR spectra in the presence and absence
of C&" indicate that C& binding does not trigger major
rearrangements of the €abinding loops. For the membrane-
bound domains, continuous-wave power saturation measure-
ments were used to calculate an EPR depth parameter for
each spin-label in the loops. The resulting depth parameters
indicate that the conformation of the €abinding loops
docked to membranes is similar to their *Cdoaded
conformation in the crystal and NMR structures. Finally, a
novel and generalizable geometric analysis was applied to
the extensive set of EPR depth parameters to more precisely
determine the penetration depth and angular orientation of
the domain with respect to the membrane surface. Notably,
the interaction with the membrane is dramatically different
than observed for C2 domains that exhibit an electrostatic
docking mechanism.

Ficure 1: Structure of the C2 Domain of cPLA(A) The crystal
structure of the C2 domain of cPLAs shown 22), with eight
B-strands depicted by ribbons and two?Cans shown as spheres.
(B) Enlarged view of the three €&abinding loops (CBLS). Figure
was generated in Molscripb6).

two C&" ions at saturating Ca concentrations (Figure 1).
Separate equilibrium dialysis and fluorescence binding
studies carried out under physiological ionic conditions have
revealed that the isolated cPL&2 domain binds two Ca
ions, both when free in solution and when docked to
membranes 19). To date, this C2 domain has failed to
crystallize in the absence of &aor in the presence of a
phospholipid headgroup analogue; thus, crystallographic
studies have not yet provided information about the structure
of the domain either in the absence ofCar in the presence

of lipids. NMR studies have detectedariggered chemical
shift changes in the C&-binding loops but could not clarify

whether these changes reflect a conformational change, a'vl'A‘TERI’/'\LS AND METHODS

changg in the electrostatic environment, or a change in loop Reagentsl-Palmitoyl-2-oleoyl-glycero-3-phosphocholine
dynamics. (POPC or PC) and 1-palmitoyl-2-oleoyl-glycero-3-phospho-
Previous NMR, fluorescence, and EPR reports have serine (POPS or PS) and 1-palmitoyl-2-stearedOXYL)-
indicated that the Ca-binding loops of the cPLA C2 glycero-3-phosphocholin@& 5, 7, 10, 12) were purchased
domain provide most or all of the major lipid contacts when from Avanti Polar Lipids.N-(5-Dimethylaminonaphthal-
the domain docks to membranes. NMR studies have detectedene-1-sulfonyl)-1,2-dihexadecan®rglycero-3-phosphoeth-
protein chemical shift changes localized primarily to the anolamine (dansyl-PE) was purchased from Molecular
C&"-binding loops when the domain docks to the a lipid Probes. 1-Oxyl-2,2,5,5-tetramethif-pyrroline-3-methyl
micelle 23). Fluorescence studies utilizing fluorescein probes methanethiosulfonate (MTSSL) was purchased from Toronto
coupled to engineered single-cysteine residues scattered oveResearch Chemicals. NIEDDA was synthesized by dissolving
the protein surface have revealed direct fluorophore interac-17 mM ethylenediamine diacetic acid (EDDA) and 17 mM
tions between the Ca-binding loops and the membrane and Ni(OH), (both from Sigma) in water at 60C. The clear
have indicated that other regions of the protein surface do blue solution was then filtered, lyophilized, resuspended in
not contact the membrand). EPR studies using nitroxide  ethanol, and filtered again to remove unreacted material.
spin probes coupled to cysteines scattered over the proteinPhospholipid membranes were prepared by drying chloro-
surface have also localized the membrane-binding surfaceform suspensions of phospholipid mixtures under nitrogen
to the C&*-binding loops 82, 58) and have defined an initial ~ and vortexing to resuspend the dried lipid films in standard
model for the depth of penetration of the domain into the assay buffer (20 mM HEPES pH 7.4, 100 mM KClI). Small
membrane and its angular orientation relative to the mem- unilamellar vesicles were prepared by sonication with a
brane surface 32). These previous studies have raised Misonix sonicator for 5 min at maximum power (microtip,
important questions about the nature of the membrane-Setting 5) as previously describeg| (9). Large unilamellar
docking interaction. First, the information provided by Vvesicles were prepared by extrusion through a 100 nm
scattered fluorescence- and spin-labeling sites could not rulemembrane in a mini-extruder from Avanti Polar Lipids as
out the possibility that the G&-binding loops undergo major ~ Previously described3@, 35).
structural rearrangements upor?Chinding and membrane Protein MutagenesjExpression, and PurificatiarSingle
docking. Moreover, the precision of the proposed EPR model cysteine mutants of the human cPL&2 domain (residues
for penetration depth and angular orientation was limited by 1—138) were generated using the single-stranded mutagen-
the small number of positions examined in the?Cand esis technique of Kunkel et al. as previously descril33d (
membrane-binding loops (only six out of 27 loop positions 37). Cysteine mutants were expressed as inclusion bodies
were examined32)). The answers to these questions about in Escherichia colithen were isolated, denatured, refolded,
the C&"-binding loops of the cPLAC2 domain could have  and properly folded protein purified by affinity chromatog-

broad implications since the &abinding loops of other C2
domains also dominate membrane-docking interacti®®s (

35).

raphy as previously describe82), except that the buffer
used to solubilize the inclusion bodies contained 37 mM
MTSSL to label the protein in an unfolded state. The MTSSL
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forms a disulfide bond to the cysteine sulfhydryl of the cal Advances) and equilibrated for 15 min with (a) nitrogen,
protein via a disulfide exchange reaction. (b) house air (20% &), or (c) nitrogen and 10 mM NIiEDDA.
FRET Assay of Membrane-Binding Affinitlembrane- Each EPR spectrum was obtained in a single 2 or 4 min 15
binding constants for cysteine and spin-labeled C2 domainsG scan (1024 points), taken at powers ranging from 0.2 to
were determined using a fluorescence resonance energy80 mW with sample conditions as indicated for standard EPR
transfer (FRET) experiment as previously descritid] 88). spectra (ref32). For each spectrum, the peak-to-peak
Solutions containing C2 domain (/) in standard assay  amplitude of the central resonance,(¥ 0) was recorded.
buffer with saturating Ca (1 mM) were titrated with a  The amplitudes of the EPR spectra were plotted as a function
solution of phospholipid vesicles containing a 3:1 mole ratio of microwave power and fit to the following equation as
of POPC/POPS and 5 mol % dansyl-PE suspended inpreviously described3@, 41):
standard assay buffer. The standard assay buffer contained

20 mM HEPES, 100 mM KCI, pH 7.4. For measurements _ c/P

E : : . A= )
characterizing unlabeled, cysteine-substituted C2 domains, 14 (41 P e
the assay buffer also contained 5 mM DTT to reduce the ( )p1/

spin-label from the protein. The intrinsic tryptophan donor

in the C2 domain was excited at 284 nm, and the fluores- whereA is the peak-to-peak amplitude of the central EPR
cence of the dansyl-PE acceptor was monitored at 520 nmresonanceC is a scaling factorP is the microwave power,

in a SLM-48000 spectrofluorimeter at 26 with excitation P12 is the power at which half-saturation occurs, and a

and emission slit widths at 4 and 8 nm, respectively. The measure of the homogeneity of saturation. The beffit
direct excitation of the dansyl-PE was subtracted from the values were then used to calculate a collision parameter for
total fluorescence measured to yield the fluorescence due tooxygen and NiEDDA as previously describedP(41)
protein-to-membrane FRET from docked C2 domains.

Plots of protein-to-membrane FRET as a function of total P1(O2)/AH,(O5) — Py 5(No)/AH,(Ny)
phospholipid concentration were subjected to nonlinear least- (G,) = P, (DPPH)AH_(DPPH) 3)
squares analysis in Kaleidagraph 3.5 (Synergy) using a 2 PP
homogeneous single-site binding curve to calculate the whereI1(O,) is the collision parameter for oxygeR;y, is
apparent dissociation constat] for phospholipids. Bind-  the half-saturating power, ankH,, is the peak-to-peak line
ing constants are normalized relative to the wild-type binding width of the EPR signal at low microwave power. The
constant determined in parallel. collision parameter is normalized to a solid sample of DPPH

EPR Spectra and Calculation of Scaled Mobility Param- (1, 1-diphenyl-2-picrylhydrazyl) to correct for spectrometer
eters.EPR spectra were acquired using a Bruker ESP300E differences. The collision parameters for oxygen and NiED-

X-band spectrometer (9.4 Ghz) equipped with a legpp DA were used to calculate a depth parametefor each
resonator (Medical Advances). Samples were placed in quartzspin-label as previously describe8?( 41)

capillaries immediately before spectral acquisition at@3
11(0,) )

Samples contained 2200uM protein with either (1) 5 mM

EDTA for apo protein samples, (2) 2 mM CaGbr Ca'- ¢ = In(m
loaded protein samples, or (3) 2 mM Ca@nd 40 mM
phospholipids (3:1 PC/PS) for membrane-docked samplesReported depth parameters are a weighted average of
in standard assay buffer (see previously). Acquired EPR duplicate experiments each using at least 20 different
spectra are an average of four 4 min scans (2048 points),microwave powers. The weights used during averaging were
scanning over a range of 100 G, with an incident microwave inversely proportional to the square of the errors propagated
power of 2.0 mW. For each spectrum, the peak-to-peak line from uncertainties in measurement®f, and AH,, in the
width of the central EPR resonancg) (vas measured and  different environments4Q).

used to calculate a scaled mobility factor using the relation- Depth parameters for spin-labeled lipids were corrected

(4)

ship for the leaflet effect by subtraction of a fixed quantity (In
2), based on the following observations. In a system in which
0 t=-07Y a highly polar zwitterion such as NiEDDA is added to
I . . . .
ST L (1) membrane vesicles, diffusion across the membrane bilayer
On " =9 ) is very slow. As a result, the outer leaflet of the membranes

is exposed to NIEDDA, while the inner leaflet is effectively

whered is the peak-to-peak line width of the central EPR shielded from NiEDDA. For membrane-binding C2 domains
resonance (M= 0), andd; anddn are calibration line widths ~ that are added to the preformed vesicles, the spin-labels on
of very immobile and very mobile labels, respectived) the domains interact only with the outer leaflet exposed to
The calibration line widths used were standard valued of NIiEDDA and thus experience a homogeneous environment.
= 8.4 G anddm = 2.1 G @0). The resulting scaled mobility  In contrast, for spin-labeled lipids incorporated into the
factor operationally determines the apparent relative mobility vesicles, the spin-labeled lipids in the outer leaflet are
of a given spin-label, inferred from its line width, using a exposed to NiEDDA, but the labeled lipids in the inner leaflet
standard mobility scale developed for MTSSL spin-labels are inaccessible to NIEDDA and thus represent a separate
coupled to proteins. population. Assuming that the two populations of spin-

EPR Power Saturation Measurements of Membrane labeled lipids contribute equally to the measured EPR
Penetration.For EPR continuous-wave power saturation spectrum, which is a reasonable assumption since lipids are
experiments, samples were placed in TPX capillaries (Medi- incorporated approximately equally into the inner and outer
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leaflets of the membrane, the power saturation curve is thethrough an anglé, about the laboratorgaxis, and translated
sum of the equally weighted curves for the two populations. along the laboratory-axis by Yyans Where the rotational
Simulations of power saturation curves carried out in directions are defined by an observer sitting at the molecular
Kaleidagraph (not shown) indicate that when the difference origin of the rotational axis and looking toward the positive
in saturating power between the two populations is small, end. The first three terms in parentheses represent the
as is the case for labels in the hydrophobic membrane interiorprojection of the vector from the molecular origin to the
where the NIEDDA concentration is low even for the outer nitroxide nitrogen onto the laboratogyaxis used to define
leaflet, the measure®,; in the presence of NIEDDA is the distance to the headgroup phosphate layer. The fourth
simply the average of thB;,, values of lipids exposed to term represents the translation of the entire protein toward
and shielded from NiEDDA, respectively. It follows that the the membrane and is nonzero only for protein nitroxides since
measured apparent NiEDDA collision parameter for spin- P is set to unity for protein spin-labels and to zero for lipid
labeled lipids in vesicles is half the true collision parameter spin-labels. The fifth term denotes the previously published
for the labeled lipids in the outer leaflet. To correct this distanceD of a given lipid spin-label from the plane of the
artifact, the quantity In 2 must be subtracted from the depth membrane phosphated4j and is set to zero for protein
parameter for each spin-labeled lipid. nitroxides. Finally, thenandl parameters represent the slope

Determination of Membrane-Docking Geomeffg. gen- and intercept of the linear relationship. Nonlinear least-
erate a membrane-docking model incorporating all 24 spin- squares fitting of the multivariate equation to determine the
labeled sites used in the analysis, the crystal structure ofbest-fit values ob), 6;, Yians M, andl was performed using
cPLA; (PDB 1rlw) was modified by changing each spin- Igor Pro (Wavemetrics), yielding a self-consistent set of depth
labeled site to cysteine using the Biopolymers module of parameters linearly related to membrane depth, with the same
Insight2000 (Accelrys). The cysteines were each modified slope and intercept for both protein and lipid spin-labels.
with the addition of an energy-minimized MTSSL moiety Comparison of Docking Tilt Angles and Depth®o
to generate a model of the spin-labeled site. The spin-labelscompare the orientations of C2 domains derived from
were adjusted to the gauchegauche- (g+, g+) conforma- different PDB coordinate files, which define different C2
tion, which is the most prevalent conformation observed in domain structures and starting orientations, three atoms in
crystallographic studies of the spin-labeled T4 lysozy#A8. ( structurally analogous positions were chosen in one of the
By convention, in this conformation the side chain dihedral two 3-sheets. Two of these atoms were located in the longest
angles along the €-Cj and @3—Sy bonds are eact300° S-strand in the domain, which is strand 2 or 1 in type | or Il
(43). For simplicity, the protein was translated to place an C2 domains, respectively(22, 23, 28, 29). The third atom
atom near the center of the domain, flirearbon of residue  is located in the furthest strand in the same sheet, which is
46, at the origin of the crystallographic coordinate system strand 8 or 7 in type | or Il C2 domains, respectively. The
that defined the Cartesian axes of the laboratory frame. A selected atoms were tlecarbons in residues 20, 27, and
starting position for the docking model was generated by 118 in cPLA, residues 158, 165, and 256 in synaptotagmin
placing the headgroup phosphate layer of an imaginary |, and residues 173, 180, and 271 in protein kinase o
membrane perpendicular to the laboratpigxis and passing  molecular vectors were then defined for each domair; a
through the origin, so that the protein starts partially vector extending from the first atom in strand 2(1) to the
imbedded in the membrane. A separate molecular coordinatesecond atom in strand 2(1) and #vector passing through
system was defined with its-, y'-, andZ-axes identical to  the atom in strand 8(7) and perpendicular to the first vector.
the laboratoryx-, y-, and z-axes, respectively. Finally, the A molecular coordinate system was then defined, with its
molecular x-, y'-, and z-coordinates of each nitroxide center at the firsti-carbon, thez-axis parallel to thez-
nitrogen in the molecular frame were tabulated for analysis. vector, and the 'xaxis parallel to thel'-vector. Subsequently,
During subsequent domain rotations and translations in theeach domain was oriented relative to an imaginary planar
laboratory frame, these molecular coordinates remainedmembrane surface in two different ways. First, the domain
unchanged. was placed in a common starting orientation withztsxis

To determine the optimal protein geometry relative to the normal to the membrane and the center of the molecular
membrane surface, the depth parameters of different proteincoordinate system at a distance of 50 A below the headgroup
and lipid nitroxides were described by a single multivariate phosphate plane. This starting orientation places the domain
equation, which describes both the transformations of the outside the membrane with its calibratigasheet perpen-
protein model and the invariance of the lipid positions. The dicular to the membrane surface and is the same for different
form of the equation was based on the known linear domains. Second, the domain was placed at the appropriate
relationship between the depth parameter and the membranenembrane depth in its final docking orientation as defined
depth @1). The equation possesses one dependent variablepy the previously published docking model for that domain
(®), five independent variablex'(y', Z, P, andD), and (32, 35, 45). Last, the transformations needed to change the

five unknowns @x, 0, Yians M, andl): starting orientation into the final modeled orientation were
) calculated as a rotation about tlkxeaxis followed by a

® =m(x sind, + Yy cosb,cosl, — rotation about thez-axis, then by a translation along the
Z cosO,sin6, + PY,,,+ D) +1 (5) membrane normal. The resultixgandz rotational angles

allow direct comparison of the angular differences between
Together, the terms in parentheses define membrane depthdocking models. To compare the membrane penetration
or the distance of a given nitroxide from the headgroup depths of different models, for each model the average depth
phosphate layer after the protein is rotated clockwise throughof the multiple bound C4 ions was determined, and the
an anglefy about the laboratorx-axis, rotated clockwise  depth of the most deeply buried proteincarbon was also
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measured, where both depths were relative to the headgrour’\'able 1: Membrane Affinities of the Modified cPL,AC2 Domains

phosphate layer. position loop Ks(Cy9/Ks(WT)P Ks(R1YKg(WT)P

RESULTS wr 1 1

T31 | 0.5+0.1 0.30+ 0.05
MutagenesisSpin-Labeling, and Purification of the C2 K32 ' 0.8£0.3 0.8+ 0.3

: - : ; - G33 | 0.45+ 0.07 0.37+ 0.07
Domain of cPLA. Single cysteines were introduced into the A3 | 16406 144085
C2 domain of human cPLAat each position in the G& E35 | 0.19+ 0.02 0.6+ 01
binding loop | (residues 3141 and 43), C&-binding loop G36 | 3+1 1.44+0.3
Il (residues 63-68), and C&™-binding loop Il (residues 93 D37 ' 1.2+£02 1.3+02
" : ; e ; M38 | 0.6+0.1 0.740.1
101). In addition to six cysteine substitutions from a previous 139 | 0574+ 0.07 14102
study, 21 new cysteine substitutions were generated to fully 141 | 0.6+ 01 0.4+ 01
sample all 27 positions of the three4inding loops. Each F63 Il 0.4+0.1 0.5+0.1

cysteine mutant was overexpressedgncoli, isolated as N64 I 0.9+0.2 0.16+0.03

inclusion bodiessolubilized in a buffer containing urea and ggg :: %‘é‘liooz'o“ 8'3%003;04
the spin-label MTSSL to simultaneously solubilize and label 57 I 1.0+03 0.8+ 0.2
the protein, and dialyzed to refold the labeled protein. The  N68 I 1.240.3 0.7+ 0.1
active C2 domain was purified by affinity chromatography A94 - 04+01 04+0.1
on a phosphatidylcholine (PC) lipid affinity column in the Q'gg | gi‘gi 88g 831 8§
presence of saturating &a which removes the improperly Vo7 m 05+01 0.9+ 0.3
folded C2 domain and contaminating proteid9,(32). M98 i 0.7+0.2 0.9+0.3
i i i i D99 1l 0.6+0.1 0.6+ 0.1

Qf the_ 27 mutant pro_telns possessing smgle cygteme E100 n 06+ 01 0474 0.06
residues in the three €abinding loops, three failed to bind T101 i 12403 0.6+ 01

the lipid affinity column in both their reduced and spin- aLocation indicates the Céabinding loop containing the cysteine
labeled forms (D40C, D_43C_’ D93C). These three _mmants substitution. Positions at which the native side chain coordinatés Ca
each convert a Cé-coordinating aspartate to a cysteine and are indicated by an asterisk ()Membrane affinities are shown as
presumably disrupt Ca-dependent phospholipid binding by  the binding affinity of the cysteine mutant or the spin-labeled cysteine
inhibiting C&* binding. As a result, they were not utilized mutant relative to wild-type membrane binding affinity, as determined
in the present study. The reduced and spin-labeled forms of?Y FRET (see Materials and Methods). The average wild-type

- ; S membrane binding constant wiss = (6 & 1) x 10* M3, correspond-
the remaining 24 mutant proteins each bound in &"Ca ing to a dissociation constant 85 = 17 &+ 4 uM. Experiments were

dependent fashion both to the lipid affinity column and to performed with 0.5M protein in 20 mM HEPES, 100 mM KCI, 1
phospholipid vesicles, thereby ensuring they were active, mM CacCb, pH 7.4, 25°C. Buffers also contained 5 mM DTT for
folded proteins. unlabeled cysteine mutants.

Membrane Affinities of Cysteine-Substituted and Spin- the remaining four cases, specifically two cysteine substitu-
Labeled C2 Domaind-or the mutant proteins that retained tions (F35C and Y96C) and two spin-label modifications
Ca*-triggered lipid binding, membrane-docking affinities (T31R1 and N64R1), modification causes a@fold loss
were measured for both the free cysteine state and the spinof membrane affinity. Each of these four affinity losses
labeled state using a fluorescence resonance energy transfeforrespond to modest perturbations only slightly larger than
(FRET) assay developed for membrane-docking proté®s ( the thermal energyAAG from 1.1-1.9RT). The affinity
38). Briefly, a C&*-loaded C2 domain possessing a single decreases observed for cysteine substitution at positions F35
intrinsic tryptophan used as an energy transfer donor wasand Y96 have been observed previousd{, (32) and are
titrated with membrane vesicles composed of a 3:1 mole ratio consistent with the loss of bulky, hydrophobic Phe and Tyr
of PC/PS, closely approximating the mole ratio of these lipids residues on the membrane-binding face of the domain. At
in eukaryotic membranes. The vesicles also contained 5 molpoth these positions, coupling of the spin-label restores
% dansylated PE, which served as an energy transferhydrophobicity and restores the affinity nearly to the wild-
acceptor. As the dansylated membranes were titrated intotype level. The other two affinity losses observed for spin-
the sample, the increasing protein-to-membrane FRET |abel coupling at positions T31 and N64 are more difficult
yielded a homogeneous single-site binding curve, which wasto rationalize and may arise from several factors such as the
best-fit to determine the phospholipid binding consté®)( perturbation of a loop structure by a larger side chain or

Table 1 summarizes the resulting phospholipid binding disruption of specific interactions with lipid headgroups. All
constants of the 24 cysteine-substituted and 24 spin-labeledour of the moderate affinity losses were due to a perturbed
proteins, each relative to the wild-type binding constant. In interaction between the €aloaded protein and the mem-
44 of the 48 cases, the relative binding constants reveal thatbrane since separate experiments (not shown) indicated that
the variant proteins possess membrane affinities within 3-fold the concentration of Ga used in the titrations (1 mM) was
of the wild-type, indicating that these perturbations are not sufficient to saturate the €abinding site of the free domain
significantly larger than the thermal energyAG < 1.1RT, in each of the four cases.
where RT = 0.6 kcal/mol is the thermal energy at the Focusing on the 24 spin-labeled proteins that were
experimental temperature). Such small perturbations aresuccessfully isolated, even the largest perturbations of
consistent with current models proposing that the pretein  membrane affinity were comparatively small, and membrane
membrane interface involves a large surface of the protein binding could be driven to completion by the addition of
and multiple side chains3(, 32), so that modification of  sufficient membranes in each case. Thus, all 24 of the spin-
one side chain leaves most of the docking surface intact. Inlabeled proteins were used in further EPR studies.
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T31R1 —§->C§§: A34R1 1 F35R1 A
M38R1 L39R1 1 T41R1 05 dli

F63R1 N65R1 D66R1
Spin Label Position

N68R1 % M98R1
Ficure 3: Scaled mobilities of C2 domain spin-labels. The scaled
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was compared to standard line widths for highly mobile and
immobile spin-labels to calculate the scaled mobilitys{Msing
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(A) Scaled mobility parameters for EPR spectra of labeled C2

domains without C& (open), with C&" (hatched), and with both
VO7R1 D99R1 E100R1 changes would likely be observed throughout the helical
Mﬁ— region if helix formation were induced by €abinding. The

!
T

T

167R1

T

C&* and phospholipid membranes (closed). (B) Fractional change
in scaled mobility, calculated as [{Ca") — Ms(apo))/My(apo)]
(open) or as [(MPL) — My(Ca&"))/Mg{Ca&")] (closed). EPR
parameters and sample conditions are as in Figure 2.
simplest explanation is that €abinding slows the internal
breathing motions of a preexisting helix. This subtle slowing
FIGURE 2: Effects of C&" binding and membrane docking on EPR  would decrease the mobilities of the perturbed residues on
spectra. (A) Shown are EPR X-band spectra for spin-labeled C2 the solvent-exposed helix face, yielding the observed spectral
domains acquired in the presence of 5 mM EDTA (thin line) or 2 ,55dening. Smaller effects would be expected for positions

mM CaCl (heavy line) for 12 representative modified proteins. . . . .
(B) Shown are EPR spectra for spin-labeled C2 domains acquired ©" the opposite helix face, where contacts with the protein

in the presence of 2 mM CaQWithout (thin line) or with (heavy would constrain side chain mobilities in both the apo and
line) 40 mM PC/PS membranes for 12 representative modified the C&"-occupied states. The third perturbed position lies
proteins. Samples contained-2B00xM protein in 20 MM HEPES,  at the end of loop Il (N68R1) and becomes sharper on the
100 mM KCI, pH 7.4, and spectra were acquired are3 addition of C&", suggesting that the side chain or backbone
et CtBnangon PR Sper PR pacrawere S35 Posinecomes s bl oo st
obtained for each spin-labeled domain in the presence orjo,, movements with respect to the main body of the protein.
absence of saturating €arevealing the effects of Caon Overall, however, since Gabinding has little or no effect
nitroxide probes at 24 Ca-binding loop positions. In most ¢ 51 of the 24 positions tested, the EPR evidence suggests
cases, the spectral differences between the apo and the Ca h4t the C& binding triggers only small, localized changes
loaded protein are undetectable, but smak'Geffects are i |o0p dynamics or small, rigid body movements of the

observed at specific positions. Figure 2A overlays apo and loops via hinge flexibility.

Cé&*-loaded spectra for 12 representative domains (compare Effects of Membrane Docking on EPR SpectEPR

with the much larger changes triggered by membrane dockingspectra were also acquired in the presence and absence of
in Figure 2B). The largest of the €atriggered effects are  phospholipid membranes (PC/PS mole ratio 3:1) under
observed at three positions in the first and seconé™Ca  saturating C# conditions. Representative spectra are shown
binding loops. These Caeffects are too small to quantitate jn Figure 2B for 12 of the 24 spin-labeled domains.
using scaled mobility factors (Figure 3) but are detectable Membrane docking causes large increases in the spectral line
in spectral overlays as illustrated in Figure 2A. In particular, widths at nearly all labeling sites, indicating a general loss
two positions in the first Cd-binding loop exhibit spectral  of spin-labeled mobility. The relative mobilities of spin-labels
broadening in the presence of €gF35R1 and M38R1).  are compared in Figure 3 using the scaled mobility factor,
These positions both localize to the solvent-exposed face ofwhich compares the width of the central resonance to
the loop I helix observed in structures of the?Gaccupied standard values for immobilized and rapidly tumbling spin-
domain. Such findings suggest that the helix is present in labels @9, 40). Scaled mobility factors over 1.0 are observed
the apo as well as the €aoccupied domain since spectral at many positions in the apo and doaded domain,

i

bR
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indicating that the tum_b_ling of the free domain CpntribUtes Table 2: Collision and Depth Parameters for Spin-Labeled GPLA
to the observed mobility. For 23 of the 24 spin-labeled ¢2 pomains

domains, membrane docking redgces thg scaled mobility Cat depth parameter
factor between 10 and 70%, consistent with a decrease in binding ® = In[I1(0y)/
the global tumbling of the domain upon docking to a large position  loop I1(Oy) II(NiEDDA)  TI(NiEDDA)])®
phospholipid vesicle. The largest docking-induced mobility — 731 | 019+ 005 0.9+0.1 —15+02
losses are observed for positions in the helical region of the K32 [ 0.274+0.05 0.28+ 0.06 -0.1+0.1
first Ca™-binding loop, followed by positions in the third G33 ' 0.19+0.03 0.61+0.05  —1.00+0.07
C&*-binding loop, while positions in the second €a égg ! %‘%ﬁi 8:82 g:ggi 8:82 g:gi 8:%

L - I
memg loop ShOVY the smallest I’.nObI|IFy losses. These ag I 0.32+0.05 0.08+ 0.03 15+0.2
findings are consistent with the insertion of the most D37 [ 0.2940.05 0.33+0.05 -0.3+0.1
perturbed spin-labels into a more viscous and hydrophobic M38 : 0.47+£0.05 0.18+0.02 0.94+ 0.07

environment such as the phospholipid membrane, which L39 0.55+0.05  0.05+0.02 _2"& 02
i ) T41 [ 0.22+0.03  1.0+0.1 154+0.1

would slow the I.ocal tumbling of the spin-label as well as g3 I 028+ 0.05 1.1+ 0.1 —1.4+01
the global tumbling of the domain. N64 I 0.25+0.04 0.9+0.1 -1.2+0.1
: N65 I 0.25+0.08 0.5+0.1 —0.84+0.2

EPR Depth Parameters and Relailpepths of Membrang D66 I 0274004 14t 0.1 16101
Insertion.Depth parameters for the spin-labeled C2 domains g7 I 0214+ 006 0.9+0.1 —14+0.2
were measured by continuous-wave EPR power saturation N68 I 0.22+0.05 1.3£0.1 -1.8+0.1
measurements for membrane-docked C2 domains (i) in the ﬁg‘é |||||| %Ei 8-81 001':& 8-33 _%Szi 8-%
presence of molecular £(ii) in the presence of N|EDDA, Y96 it 0354006 011t004 0.8L 0.2
and (iii) in the absence of both paramagnetic relaxing agents vg7 1 0.42+0.07 0.15+ 0.04 1.0+ 0.2
(32, 41). This approach makes use of the fact that collisions M98 M 0.27+0.04 0.20+0.05 0.3+ 0.1
with a soluble paramagnetic probe increases the-dpitice Ei’go 'I'I'l %-114:3’1 8-8673 8-2%—1 8-8; :g-ii 8-3
relaxation rate of the spin-label, which can be detected as Ti01 i 0174004 09L01 174002

an increase in the microwave power needed to saturate the — , ,
a Collision parametersI{) were measured using EPR continuous-

EPR signal. Since O prefe_rentlally _part|t|ons_ Into the wave power saturation as described in the Materials and Methods. EPR
hydrocarbon phase of the bilayer, spin-labels inserted into samples contained 2050 uM (typically 50 uM) C2 domain in 20

the membrane exhibit higher saturation powers wheisO  mM HEPES, 100 mM KCI, 2 mM CaGl 40 mM phospholipid (3:1
added. Similarly, spin-labels exposed to water exhibit higher ratio PC/PS), pH 7.4, 25C. IndicatedI values correspond to an error-
saturation powers when NiEDDA is added. The half- weighted average of individual values determined from duplicate

. . experiments. Errors of the individual values were calculated using a
saturating power for each measurement, together with thestandard method of error propagation from the individual errors in

line width of the EPR spectrum, was used to calculate a p;,(0,) and R(NiEDDA) determined by the best-fit of the measured
collision parametefl proportional to the collision rate for  power saturation curve (see Materials and Methods). Finally, the

each paramagnetic reagerdi(D,) and II(NiEDDA), re- indicated errors were calculated using a standard method of error
spectively]. Subsequently, the ratio of the collision param- calculation for the weighted average of two data points with known

individual errors 42). ® Indicated depth parameter®) are an error-
eters was used to calculate the depth parambtet each  \eighted average of individual values determined from duplicate
spin-labeled position® = In[I1(O.)/II(NIEDDA)]). The experiments. Errors of the individual values were calculated using a
depth parameter is positive for spin-labels deeply buried in standard method of error propogation from the individual errors in
the membrane where collision rates with &e high and T1(O,) and II(NiEDDA) determined by the best-fit of the measured

- - . .. _power saturation curve. Finally, the indicated errors were calculated
negative for spin-labels in the aqueous phase where COIIISIOnfrom the two individual errors using a standard method of error

rates with NiEDDA are high. calculation for the weighted average of two data poid®.(
The collision and depth parameters for each spin-labeled
cysteine are summarized in Table 2 and Figure 4. The depthyyqgrocarbon. Moreover, the interior of the loop exhibits an
parameters vary from2.4 t0—1.8, indicating that the spin-  g¢illating pattern of depth parameters that is characteristic
labels are exposed to a wide range of environments extendingy¢ helical structure. This indicates that the sharhelix

from locations inside the membrane to locations fully gpserved in the crystal and NMR structures of the domain
exposed to water. The observed differences between depthemains intact in the membrane-bound protein.

parameters are defined primarily by the NiEDDA collision  penth parameters for labels in loop Il are all negative and
parameter, which exhibits a 6-fold larger range than the O jngjcate that this loop is significantly exposed to solvent in
collision parameter as observed previousg)( the membrane-docked state. Here, the largest value of the

Figure 4 shows the EPR depth parameters plotted as adepth parameter i® = —0.8, which is consistent with a
function of spin-label position for each of the three?Ga location in the headgroup layer but not the hydrocarbon layer.
binding loops. The spin-labels located in?Cdinding loop While there is variability between the depth parameters of
| exhibit the most variation in depth parameters. At either different positions, the values are in a range where the depth
end of the loop, the EPR depth parameters are negative parameter varies little with distance from the membrane
indicating that these positions are more exposed to ansurface 82). Therefore, while it is clear that €abinding
aqueous environment. The spin-labels in the middle of the loop Il interacts with the headgroup layer, the negative depth
loop have depth parameters that are considerably moreparameters measured for this loop are less useful than the
positive, reaching values as highdas= +2.4. These positive  positive values measured for loops | and Il for determining
values are the largest encountered among the tested positionshe depth and orientation of the domain relative to the
indicating that loop | inserts most deeply into the membrane membrane surface.
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different acyl chain position (5-doxyl PC, 7-doxyl PC, 10-
doxyl PC, and 12-doxyl PC). The burial depth in the
membrane is accurately known for each of these lipid-
attached nitroxides4g), providing a set of four distances
0.0 ?. - with which to calibrate the protein depth parameters.

. . Modeling the Membrane-Docking Orientation and Pen-

etration Depth of the C2 Domaiif.o model the membrane-

docked domain, the crystal structure of the C2 domain of
cPLA; (PDB 1rlw) (22) was first modified by replacing each
residue for which a depth parameter was measured with
B cysteine, using the Biopolymer module of Insight 2001
Loop Il (Accelrys). An energy-minimized MTSSL structure was
attached to each cysteine, and the resulting side chain was
adjusted to adopt the conformation most commonly observed
for spin-labels in the crystal structure of the T4 lysozyme
(43), corresponding to gauche dihedral angles-800° about
T s T T T & the first and second dihedral angles of the side chatyfg).
The coordinates for the nitroxide nitrogen of each spin-
labeled side chain were tabulated for use in subsequent
c calculations.
204 Loop Ill The following approach was developed to determine the
1.04 rotations and translation needed to insert the crystal structure,
together with its modeled spin-labeled side chains, into the
membrane to produce a model of the protein-membrane
docking geometry. The starting position was defined by first
B . translating the domain until an atom near the center of the
domain (the5-carbon of residue 46) lay at the origin of the
crystallographic coordinate system, which was used to define
F 4: Conti ion deoth ¢ the fixed Cartesian axes of the laboratory frame. Next, the
tho throe ngg;:}‘é?#g?’(‘)’g‘ég_p(OA")V%;"’_‘gf:%ti'ﬁg | O%%t I,p(aBrﬁlggic_ars " headgroup phosphate layer of an imaginary planar membrane

binding loop I, and (C) C&-binding loop I1I. The depth parameter ~ Was placed perpendicular to theaxis at the origin so that

® is calculated as the log ratio of spin-label collision rates with the domain was partially imbedded in the membrane.
dioxygen and with NIEDDA ¢ = In[T1(O)/ [I(NIEDDA)]). EPR Subsequently, using the experimental depth parameters as a
OIS et Sl 2 i S, i el oo o euid. he domain vas rotated about he boraloyi
experimentsusing errors propagated fr(?m measure?nentslfg‘ P by angledy, rotated about the laboratoryaxis by angled,,
andAH,, (see Materials and Methods). Errors in the average values @nd translated normal to the membrane along the laboratory
shown were calculated as the inverse square root of the sum of they-axis by a distanc&;ansto place the nitroxide nitrogens at
inverse squares of errors in individual measurements [error of meanthe optimum distances relative to the phosphate plane. This
= (X(individual errory?)~17] (42). optimization process utilized the established linear relation-
ship between depth parametdr)(@and membrane penetration
depth in the region where the depth parameter is positive
) : v , : (41). To focus solely on this linear region, protein positions
loop they become increasingly positive, with a maximum ossessing negative depth parameters were excluded from

value of @ = +1.0 for the spin-label at position V97,  ine gptimization. The optimization focused solely on 14 spin-
indicating that the loop inserts into the hydrocarbon layer, |56l 4 subset that included all the positions with positive

althoughlless (_:ieeply than loop I..This _corresponds well_with depth parameters: loop | residues-389, loop Il residues
a model in which the hydrophobic amino acids at the tip of g5_gg and the four spin-labeled lipids. The optimization
the loop insert into the hydrocarbon phase, while the more qcedure independently varied the two protein rotational
hydrophilic amino gmds at the ends of the Ioop interact W|th angles @, 6,) and the translation distance normal to the
the headgroup region of the membrane or with water. This yembrane Yuand to maximize the linearity of the depth

pattern of EPR depth parameters is also consistent with theparameter versus membrane-depth relationship for the protein
simple hairpin-like conformation of the loop as it appears gata as well as the collinearity of the protein data with the
in the crystal structure of the domain. fixed lipid data points.

Overall, these findings indicate that the depth parameters Figure 5A shows the plot of depth parametéx) versus
measured for spin-labels in the Tainding loops of the membrane penetration depth for the initial optimized docking
C2 domain of cPLA are consistent with the known crystal model wherein the protein labels are all oriented in eyt
and solution structures of the domain in the absence of side chain conformation. This initial optimization yielded a
membranesA2, 23). Thus, it is reasonable to use the structure reasonably linear relationship with a correlation coefficient
of the free domain to model the depth and orientation of the of R = 0.95, but significant improvement was obtained by
membrane-bound domain. To calibrate this modeling, depth adjusting the side chain conformations of the spin-labels at
parameters were also measured for a set of four isomericjust two positions, 97 and 98, from dihedral angles-G0C,
lipids, each containing the same nitroxide ring attached to a +300° (g+g+) to —30C°, +30C° (g—g+), or +18C°, +30C°
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The parameters for spin-labels at the ends of th&"Ca
binding loop Il are negative, but toward the middle of the
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4 optimization procedure. Part of this deviation arises from
a{A B the fact that in the negative region the depth parameter
2 ‘j ;‘gfein (@0) asymptotically approaches the value observed for the spin-

label in bulk water so that a linear correlation is not expected
in this region where the depth parameter becomes insensitive
to distance and is better represented by a hyperbolic tangent
function 32). Moreover, crystallographic evidence support-

2 &< ——
4 ing the gt-g+ spin-label conformation has been obtained only
3B for spin-labels attached ta-helices, but none of the spin-
2| © Lpid label positions exhibiting negative depth parameters lie on
* Protein (#20) the surface of am-helix; thus, the conformations of these
0. spin-labels could deviate significantly from the assumed
1 starting conformation. The largest deviation from the cor-
Y relation is at position 33, where the modeled nitroxide
4 position is approximately 10 A deeper in the membrane than
3{C its depth parameter would indicate. Notably, the crystal
5| O Lipid structure of the C2 domair2p) indicates that the native
o Protein (®>0)

glycine at this position adopts a conformation with backbone
dihedral anglesg = 109, y» = 167°) permitted only for
glycine residues47). Thus, replacement of Gly 33 with Cys

14 o Protein (#<0)

Depth Parameter (®) Depth Parameter (®) Depth Parameter (®)

kg o0 likely perturbs the structure of CBL 1, yielding a depth
20-15-10 -5 0 5 10 15 20 parameter inconsistent with those measured for the surround-
Distance from Phosphates ing spin-labels that are less perturbing. For the other 13

Ficure 5. Depth parameter vs distance plots for spin-labeled lipids positions exhibiting negative depth parameters, a close fit

and C2 )don:jains. Iljebptlh garartneters .‘;‘r)]r sPi.r;."abg'eOt'h"pids (Oﬁe” to the hyperbolic tangent shape expected for this region was
squares) and spin-labeled proteins with positive depth parameters_, . _. o . . :
(closed circles) are plotted as a function of distance from membrane 0Ptained by adjusting the conformations of eight spin-labels

phosphates. (A) Depth parametetistance plot for the model ~ @s needed3?2), as illustrated in Figure 5C. This figure
calculated with all spin-labels in atgy+ conformation, focusing demonstrates that the backbone conformation of the crystal

on spin-labels with positive depth parameters. Shown is the best-structure, together with the flexibility of the spin-label side

fit straight line for these data points. (B) Depth parametiistance ; ; ; ;
plot for the model calculated with the conformations of labels at chains, is able to adequately fit the experimental depth

V97R1 and M98R1 adjusted to-g+ and tg conformations, parameters, providing str.ong evidence against large rear-
respectively, while maintaining all other labels in atg rangements of the Cabinding loops upon membrane
conformation. Shown is the best-fit straight line for these data docking. These findings do not, however, rule out subtle

points, again focusing on spin-labels with positive depth parameters. movements of the loop€8, 49) due to uncertainties in spin-
(C) Plot including points for protein labels with negative depth label conformations

rameter n circles). Shown is th -fit straight line from . . .
SZnaeI gt(ihsat(oae:?:ur(;t(e:lis()jegcrci)bes ;)tin(-alatl)t?;ts ;t)g‘;sa:egsitng gos(i)tive The crystal structure of the C2 domain, with spin-labels
depth parameters, located in a region ranging from the hydrocarboncolored according to depth parameter and modeled according
phase to the deeper half of the headgroup la§&rg7). Also shown to conformations used in the final docking model (Figure
is tggl 22?";22 hgge;zegcJg”t‘élhe”ta‘;‘;?ﬁgtoe';sthoagsgrr?/‘ggeiz Z ?gttﬁ)fn 5C), is shown in Figure 6. The model illustrates the transition
gﬁging from the gqueous h%lf c?f the headgroup layer to the t?ulk from deeply membrane-embedded spin-labels in loops | and
aqueous phas&?). [, shown in red, to labels exposed to the aqueous phase,

shown in dark blue. Overall, the visual correlation between

(tg+), respectively. These two positions were targeted for depth parameter and position in the protein is very high,
adjustment since the membrane depths of their nitroxides infurther supporting the conclusion that the crystal structure
the initial model were significantly deeper than indicated by closely approximates the conformation of the membrane-
their measured depth parameters. Further optimization of thedocked protein.
protein transformation8y, 6,, andYansyielded an improved
docking model with a highly linear depth parameter versus DISCUSSION
membrane penetration depth relationship as shown in Figure Implications for the Structure of the apo C2 Domain.
5B. In this improved model, the C2 domain crystal structure Although extensive structural information is available for the
(again, PDB 1rlw) is rotated by = 33° + 6 about the Ca&"-occupied C2 domain of cPLAthe structure of the apo
laboratory x-axis, 6, = —124° + 3 about the laboratory = and membrane-docked states has not yet been elucidated.
z-axis, and translate¥..s= 12 + 1 A out of the membrane  As a result, the structural changes triggered by+Cand
relative to the starting position. The correlation coefficient membrane binding are not yet known. The present study
for Figure 5B isR = 0.99, indicating that the described sheds light on the effects of &abinding on the side chain
approach has successfully generated a self-consistent modehotions of 24 residues in the &abinding loops. At 21 of
for the membrane-docked C2 domain. the 24 loop positions, Ca binding triggers little or no

While the model of Figure 5B yields an excellent cor- change in the EPR spectrum, strongly suggesting that that
relation between depth parameter and depth of insertion forthe domain retains a similar structure in the presence and
protein spin-labels with positive depth parameters, this model absence of CaThe three sites at which moderate changes
yields poor correlation (not shown) for the protein labels with occur are clustered into specific locations on thé'&anding
negative depth parameters that were omitted from the loops, supporting the hypothesis that’Cariggers small,
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Ficure 6: Orientation and depth of the C2 domain of cRLwith respect to a membrane surface. The crystal structure of the C2 domain
of cPLA; (22) is represented in cyan ribbons, with two2Caons shown as yellow spheres. The phosphate plane of the membrane is
depicted as a solid line, such that the glycerol backbone and hydrocarbon core regions of the membrane lie above the line. Protein spin-
labels oriented in their final optimized conformations are colored according to their measured depth parameters, with positive depth parameters
indicated by increasing red and negative depth parameters indicated by increasing blue. The figure was generated using Insight2000 (Accelrys).

localized conformational changes. Overall, the EPR results depth parameters. Further experiments utilizing double spin-
strongly disfavor major Ca-triggered movements or rear- labeled mutants of the C2 domain will elucidate loop
rangements of the G&binding loops but cannot rule out movements, if present.

minor changes in the position or dynamics of the loops  The superposition of the C2 domain, with modeled spin-
relative to the main body of the protein. labels, onto a simulated phosphatidylcholine bilayer is shown
Implications for the Structure of the Membrane-Docked in Figure 7. The calculated C2 domain orientation and
C2 Domain.The EPR depth parameters measured for the insertion places the two €aions within 1.0 A of the plane
membrane-bound C2 domain are remarkably consistent withof the membrane phosphates. This placement would optimize
the structure of the Ca-occupied domain in the absence of the electrostatic interaction between the?Cens and the
membranes. Specifically, in the final optimized docking headgroup phosphates, consistent with the idea that the
model there is a strong correlation of depth parameter with phosphates provide direct €acoordination, thereby replac-
spin-label position in the crystal structure of the isolated ing some of the water molecules that coordinaté"Gans
C&*-occupied domain (Figure 6). This correlation is ob- bound to the free domain as proposed for other C2 domains
served for residues within each of the three?'Gainding (29, 30). The modeled orientation and insertion indicates that
loops providing strong evidence that (1) the average con- most of the loop | helix and the tip of loop Ill insert into the
formations of the loops do not undergo large changes uponhydrocarbon layer of the membrane, while other residues
membrane docking and (2) the crystal structure of the isolatedinsert into the headgroup layer or are exposed to the aqueous
domain provides a suitable conformation for modeling the phase. The modeled insertion must significantly perturb the
docking of the domain to the membrane surface. The datapositions and conformations of adjacent phospholipids, and
cannot rule out minor rigid movements of the loops relative the resulting displacement of phospholipids is consistent with
to the main body of the protein upon membrane docking, observed increases in membrane surface pressure upon
but such changes are not necessary to generate an excelletocking of the cPLA C2 domain $0). Furthermore, it is
fit of the isolated domain structure to the measured EPR likely that one or more phospholipid molecules occupy the
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Ficure 7: Modeled depth and orientation of the cPL&2 domain on a simulated membrane bilayer. The crystal structure of the C2
domain of cPLA (22) with the final modeled spin-label conformations is superimposed on a simulated membrane Bitay®).(The

p-strands of the protein are shown in cyan, with twe>Cins in yellow spheres and protein spin-labels in green. The membrane is
depicted with hydrocarbon chains in black and headgroup atoms and water molecules shown in gray. This schematic representation was
generated in Molscript56) using a modified protein crystal structure generated in Insight2000 (Accelrys).

cleft between the first and the third €abinding loops in as has been observed with apolar residues in the C2A domain
the docked state. However, the effects of C2 domain docking of synaptotagmin 11). The remaining loop Il residues (Asn
on local lipid structure have yet to be determined. 64, Asn 65, Asp 66, Asn 68) are hydrophilic, consistent with

The proposed model for the membrane-docked C2 domaintheir modeled locations in the polar headgroup and agueous
indicates that most of the helix in loop | and the tip of loop regions.
IIlinteract with the hydrocarbon phase of the bilayer, while  pitferent Models of Orientation and Insertion of the C2
the other C&—_bmdmg loop residues interact _W|th the _ Domain of cPLA A previous spin-labeling study utilized
headgroup region or the aqueous phase. This model i3 gjteg scattered throughout the C2 domain of cPtoA
entirely consistent with the amino acid composition of the generate an initial orientation and depth of penetration for

three loops. For instance, the helix in loop | contains three ;
. S the membrane-docked C2 domain. In the present study, 24
large hydrophobic residues (Phe 35, Met 38, Leu 39) and positions in the three Ca-binding loops were used to refine

three smaller neutral residues (Gly 33, Ala34, Gly 36) that . ! . o .
) - the docking model. The refinement yields significant im-
are proposed to insert into the membrane hydrocarbon. The . . :
provements in both the depth of insertion and the angle

remaining resi inl I, which are pr to interact .
vsithath e % egzgrl:)eusp regi%% ,of thg n?eem%r?a?]%s?'?h? 31 eL?/(; relative to the membrane surface. The initial study placed

32, Asp 37, Asp 40, Thr 41), are all hydrophilic in nature. € two C&" ions approximatst 3 A beyond the plane of

In the same manner, the three most deeply inserted residuef® membra+n_e phosphates toward the hydrocarbon layer,
in loop 11l (Tyr 96, Val 97, Met 98) are all large hydrophobic while th_e Qé ions in the present model lie in the headgroup
residues, while the remaining loop 11l positions (Asp 93, Ala layer within 1 A of thephosphate plane. The previous study
94, Asn 95, Asp 99, Glu 100, Thr 101) have a hydrophilic also placed C?at—bmdmg loops | and Il at approxmately_
character consistent with the interaction with the headgroup €dqual depths in the membrane, whereas the present refine-
region or with water. Interestingly, loop Il also contains two Ment reveals that Cerbinding loop | penetrates significantly
large hydrophobic amino acids (Phe 63, lle 67), but the EPR more deeply. Specifically, in the refined model the most
depth parameters indicate that these loop positions are togdeeply buried label on loop | (position 39) penetrates
distant from the headgroup phosphate layer to penetrate intoapproximatey 7 A more deeply than the deepest label on
the hydrocarbon core. Instead, residue 63 is partially buried loop Il (position 97). This difference in loop depths gives
in the interior of the domain, while residue 67 may be rise to a notable difference in tifestrand tilt angle between
involved in hydrophobic interactions with lipid headgroups the two models (see below).
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Table 3: Modeled Geometries of Membrane-Docked C2 Dordains

depth depth
structure used for 0 @ Zyans (C2") deepest(Ca)
docking model (deg) (deg) (&) (A) residue (A)
cPLA; (ref22and hereify 52 53 243 0.3 L39 7.0
CPLA; (refs23and32) 68 66 305 31 V97 9.8
SytlA (refs28 and45) 71 90 25.7 -1.2 R234 53
PKCa (refs29 and35) 77 64 23.1 —2.6 T250 5.2

a A comparison of four models (including the present model*) for
the docking of the cPLA SytlA, and PK@ C2 domains to membranes.
Three equivalent atoms from each structure were used to define a
universal starting position in which a calibratighstrand is perpen-
dicular to the membrane, and the entire domain lies in the aqueous
phase. Figure 8 illustrates the rotations and translation used to convert
this starting position into the final docking model. The first rotation

FiGURE 8: Rotations and translation used to compare different (¢) is about the moleculax’-axis, which is perpendicular to the
docking models. A C2 domain is depicted as a solid rectangle, with calibrationg-strand and lies in the plane of the calibratifrsheet.
the threeo-carbons used to define the molecular axes shown as The second rotationy( is about the moleculaz -axis collinear with

circles and the moleculat- andZ-axes shown as rods (see text).

the calibrationg-strand. Finally, a translation perpendicular to the

The membrane bilayer is shown in yellow. The universal starting membrane Zyand brings the C2 domain to the correct membrane

position places th&-axis normal to the membrane surface, such

penetration depth. Also shown for each model is the average depth of

that the calibratiorB-sheet is perpendicular to the membrane, and its multiple C&" ions, and the depth of its most deeply buriedarbon,
fixes a calibration atom at a standard distance from the membrane relative to the headgroup phosphate plane. Angles are given in degrees,

To transform this starting position into the final modeled position,
the domain is rotated about tlxeaxis, then rotated about thze

axis to produce the final angular orientation, and subsequently is

and depths are given in angstroms.

translated along the membrane normal to generate the finalConverted to the final position by a rotation about the
membrane penetration depth. Rotations and translations needed tenolecularx'-axis, followed by a rotation about the molecular

reproduce the published docking models for the cRLRKCa,
and Sytla C2 domains are compared in Table 3.

Z-axis (thep-strand), followed by a translation along the
membrane normal to yield the angular orientation and depth

The method used to develop the refined docking model of the final model. For the present optimized docking model
(see Results) started with the angular orientation of a specificOf the cPLA C2 domain, the first rotation angle is accurate

crystal structure (PDB 1rlw) and is thus convenient for

to within 3°, and the second angle is accurate to within 5

orienting this structure relative to the membrane surface. To While the depth of penetration of a given backbone atom is
facilitate comparisons between the docking geometries of &ccurate to within 1 A, as revealed by controlled displace-
different C2 domains, an alternative approach was developedMents from the model.

that can be easily used to generate docking angles and depths Table 3 compares the two rotations needed to generate
for any membrane-bound C2 domain. In this approach, the €ach of the four C2 domain docking models. The first angle

docking angles are determined by three seleat@@rbons
in the samef-sheet. When the docking of different C2

represents the tilt of the calibratighstrand with respect to
the membrane normal (Figure 8). Comparing the two docking

domain structures is compared, the same three atoms ardnodels of the cPLAC2 domain (present study and &),

chosen at structurally homologous positions in the corre-

this angle is 16 smaller for the present refined model than

spondingp-sheet. Here, for example, we compare docking for the previous model, indicating that thiestrands are
models based on the crystal structure of the C2 domain of significantly more perpendicular to the membrane than

CcPLA,, the NMR structure of the C2 domain of cPg,Ahe
crystal structure of the C2 domain of protein kinasg @nd
the NMR structure of the first C2 domain of synaptotagmin
I (32, 35, 45). Two of the selected-carbons (20 and 27 in
CcPLA,, 173 and 180 in PKE, 158 and 165 in Sytla) are
used to define a vector representing the longestrand in

previously proposed. Comparing the refined model of the
cPLA, C2 domain with the models for the PKGand Sytla
C2 domains (present study and ré&fs and45), this angle
ranges from 52 to 71 and 7,7respectively, indicating that
the 3-sheets of the latter two domains are significantly more
parallel to the membrane surface than the cPC& domain.

the C2 domain, which is located at a structurally conserved Such a parallel orientation is consistent with the proposed
position in the C2 motif. A separate, perpendicular vector is ionic interactions of thg-sheets in the PK& and Sytla C2

defined by the thirdx-carbon (118 in cPLA 271 in PKGx,
and 256 in Sytla) located in the furthgbstrand in the same
sheet. The coordinate system places the moleaHaxis
along the first vector, while th&'-axis is parallel to the

domains with anionic headgroups on the membrane surface
(30, 35, 52). The second angle (Figure 8, Table 3) is more
difficult to interpret and less interesting since it is sensitive
to variations in the flatness of the calibrati@rsheet, making

second vector and translated so it passes through the firscomparisons between different domains difficult.

o-carbon. A common starting position is defined for all
domains with thez-axis normal to the membrane plane and

Notably, the depths of penetration also differ between
models as summarized in Table 3. The original model of

the first atom lying 50 A from the headgroup phosphate cPLA; places the C4 ions at an average positi® A deeper
plane, such that there is no initial contact with the membrane. in the membrane than the headgroup phosphate layer, such
Subsequently, each domain is rotated and translated in ahat the C&" ions penetrate the hydrocarbon core. By

defined way until it reaches the final position specified by

contrast, the present cPLAnodel and the recent models

its published docking model. This transformation is described for PKCa and Sytla C2 domains all place the?Caons in

in Figure 8, which illustrates how the starting position is

the headgroup layer. Significantly, in the improved cBLA
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model, the proximity of the Ca ions to the phosphate plane Nalefski and Mark Wisner for engineering some of the

provides strong support for the existence of direct'Ca

cysteine mutants utilized; and Drs. David Cafiso, April

coordination by headgroup phosphate oxygens, as suggestefrazier, Susy Kohout, and Eric Nalefski for helpful discus-
by crystal structures of complexes between C2 domains andsions.

headgroup analogue2q, 30). Such direct C& coordination

would provide an important interaction stabilizing the REFERENCES

proteir—-membrane complex. Finally, loops | and Il of the
refined cPLA model penetrate significantly more deeply into

the hydrocarbon core than in the PK@nd Sytla models 2.

(Table 3), consistent with the hydrophobic docking mech-
anism of the former C2 domain and the ionic docking
mechanisms of the latter C2 domair3s 16), as well as the
differences in the kinetics of membrane association and
dissociation observed for these domaifs53, 54).
Mechanism of C&-Dependent Actiation. Two general

[e2N& BN

classes of models have been proposed for tRé-8etivation 7.

mechanism of the C2 domain of cPLAThe simplest model
proposes that the domain is an electrostatic switch in which
no Ca&t-triggered structural changes occur: in this model,

C&" ions bind to a preformed site and alter the surface 9.

electrostatics of the protein, thereby neutralizing an electro-
static barrier to membrane docking and penetrati®$).
Other models propose that €abinding triggers a confor-
mational switch in the C2 domain, yielding structural changes
essential for docking. The present findings disfavor or place
strong limits on the magnitude of such Tdriggered
structural changes since the effects ofCan EPR probes

in the C&"-binding loops are subtle and highly localized.
Instead, the results support a modified version of the
electrostatic switch model in which the average conformation
of the membrane docking surface does not significantly
change during activation. However, the observed proximity
of the bound C#% ions to the lipid headgroup phosphates in
the membrane-docked state suggests that direct coordination,
bonds are formed between the?Céons and the phosphate

oxygens. Such coordination bonds are proposed to stabilize 18.

the activated state and thus contribute to activation, thereby
adding a second activation mechanism to the nonspecific

electrostatic interactions proposed by the electrostatic switch- 20.

ing model.

Finally, in the full-length cPLA enzyme, the CHd-
activated C2 domain must dock to the membrane in an
orientation that allows productive docking of the catalytic
domain, which hydrolyzes membrane-bound lipids, to the
membrane surface nearby. The crystal structure of full-length
cPLA; reveals that the C2 and catalytic domains are
connected by a long, flexible linke24). In the crystal, the
two domains are not oriented in a way that allows them both
to dock the appropriate protein surfaces to a membrane
surface. However, low-energy rotations of torsion angles in
the linker are sufficient to reorient (not shown) the two
domains so that the C2 domain can dock to the membrane
in the orientation proposed herein, while at the same time ,q
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