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ABSTRACT. The C2 domain is a conserved signaling motif that triggers membrane docking ifta Ca
dependent manner, but the membrane docking surfaces of many C2 domains have not yet been identified.
Two extreme models can be proposed for the docking of the protein kinag®KCa) C2 domain to
membranes. In the parallel model, the membrane-docking surface includesgtheir@@ing loops and an

anion binding site op-strands 3-4, such that th@-strands are oriented parallel to the membrane. In the
perpendicular model, the docking surface is localized to th& ®mding loops and thg-strands are
oriented perpendicular to the membrane surface. The present study utilizes site-directed fluorescence and
spin-labeling to map out the membrane docking surface of theoPBZdomain. Single cysteine residues

were engineered into 18 locations scattered over all regions of the protein surface, and were used as
attachment sites for spectroscopic probes. The environmentally sensitive fluorescein probe identified
positions where C4 activation or membrane docking trigger measurable fluorescence changés. Ca
binding was found to initiate a global conformational change, while membrane docking triggered the
largest fluorescein environmental changes at labeling positions on the thtedig@ding loops (CBL),

thereby localizing these loops to the membrane docking surface. Complementary EPR power saturation
measurements were carried out using a nitroxide spin probe to determine a membrane depth parameter,
@, for each spin-labeled mutant. Positive membrane depth parameters indicative of membrane insertion
were found for three positions, all located on the*Chinding loops: N189 on CBL 1, and both R249

and R252 on CBL 3. In addition, EPR power saturation revealed that five positions near the anion binding
site are partially protected from collisions with an aqueous paramagnetic probe, indicating that the anion
binding site lies at or near the surface of the headgroup layer. Together, the fluorescence and EPR results
indicate that the Ca first and third C&" binding loops insert directly into the lipid headgroup region of

the membrane, and that the anion binding sit@-atrands 3-4 lies near the headgroups. The data support

a model in which thegs-strands are tilted toward the parallel orientation relative to the membrane surface.

The C2 domain is a conserved membrane docking motif (PKCgI) (12), and protein kinase &€ (PKCa) (13, 14). Two
found in numerous eukaryotic signaling proteins. The cellular different C2 domain topologies have been described, Type
functions regulated by this ubiquitous signaling domain | and Type Il, differing slightly in their3-strand connec-
include: (a) phosphorylation of membrane proteins, (b) tivities (1, 7). For typical C2 domains of both topologies,
production and degradation of lipid derived second mes- membrane docking requires the binding of multiplé‘dans
sengers, (c) targeting and fusion of vesicles and membranesto three interstrand loops lying at one end of the motif.

(d) G protein signaling by the Ras superfamily, and (€)  The C2 domains studied to date can be divided into two
membrane protein ubiquitinatiod{3). While sharing few  gitferent mechanistic classes in which the forces that drive
sequence identities, the structural similarities between dif- e membrane docking are primarily electrostatic or hydro-

ferent C2 domains are extensive. All C2 domains of known ppopic, respectively. For example, electrostatic interactions
structure share a canonical fgéssheet antiparallel sandwich  q4ominate the docking reaction for the C2A domain of

architecture, including the C2 domains from synaptotagmin synaptotagmin | and the C2 domains of conventional PKC
I C2A (SytlA) (4, 5), synaptotagmin | C2A and C2B (SYUA  jsoforms o, S, or y, while the C2 domain of cytosolic
and SytIB) 6), phospholipase & (PLC) (7, 8), cytosolic phospholipase Adocks primarily via hydrophobic interac-
phospholipase A2 (cPLA (9—11), protein kinase @I tions (15—22). Phospholipid specificity studies support this
classification since domains that use the electrostatic docking
* Support provided by NIH Grant GM R01-63235 (to J.J.F.), and Mechanism require negatively charged phospholipid head-

by DGESAC Grant PB98&0389 (tﬁ J-I%-Ct-;-F-)dd § Ll @groups such as phosphatidylserine (PS), while domains
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docking by altering the electrostatic field of the protein

surface such that electrostatic docking is favored, or hydro- P//%}Z.?;/// Ey//%??/e///
- v -
PO, /)

phobic docking is permitte@@). In addition, in at least some o\
2Ca*a \ y
\ ‘4’\1\:2::?"

membrane-bound C2 domains, the?Céons are directly Q
coordinated not only by protein oxygens but also by lipid (™
headgroup oxygens, so that the bound metal ions lie at the —
center of a highly specific coordination array that stabilizes \
the proteir-membrane interfacel8, 14). Thus, the C&
binding loops often play an essential role in both?Ca
binding and membrane docking.

Recent studies have mapped the membrane docking site:
of the cPLA and SytlA C2 domains directly to their €a
binding loops. A site-directed fluorescence study of the
cPLA, C2 domain found the Ca binding loops responsible
for docking to the membrane and proposed that they insert FIGURE 1. Proposed models for the docking of PKC2 domain

; ; to membranes. Shown are MOLSCRIPT diagram8) (of the
into the membrane2d). A mutagenic study of the cPLA crystal structure of PK& C2 domain {3) oriented according to

C2 domain determined that residues on thé*Cainding two different hypotheses. (A) The paraliel model proposes that the
loops are necessary for docking and are potentially involved domain is oriented with thg-strands approximately parallel to the
in penetration into the membrane while other residues on Imemb[]r’s_me,halloxvingbboéh the égbindifég gte and a nyS,tﬁF
the 8-strands are not requiredl). Site-directed spin labeling  !0graphic phosphate binding site grstrands 3-4 to interact wit
. : : the lipid headgroupsl@). (B) The perpendicular model represents

?nd EPhR pO\é\ietr)_s?jt_uraltlon StUdleZ of_the CB[?.Z dorlnalr_1 h the opposite extreme in which tifestrands lie perpendicular to
ound that Ca” binding loops 1 and 3 interact directly with - the membrane surface and the?Chinding site alone is responsible
the membrane and insert deeply into the bilayer by as muchfor docking.
as 15 A @5, 26). Similarly, NMR studies of the SytlA C2 _ _ _
domain have detected phospholipid-induced chemical shifts héadgroup 14). Mutation of a single lysine was found to
for residues on G4 binding loops 2 and 2(7). A mutational have little effect on membrane docking, which could be
study found that the multiple positive charges on thé"Ca argued to disfavor the parallel orientation, but this result does
binding loops are important for membrane docking and that Not rule out the parallel model since the removal of a single
all three C&" ions are necessary for membrane dockity.( ~ basic group may not be sufficiently disruptive to prevent
Site-directed tryptophan mutagenesis and fluorescence quenctdocking €9). The parallel orientation of Figure 1A differs.
ing studies have identified two Phe residues in the thikf Ca  Substantially from the perpendicular orientation proposed in
binding loop of the SytlA C2 domain that, when converted Figure 1B, in which thef-strands have no contact with the
to Trp, insert into the membran&?). Another study swapped =~ Membrane. Existing data cannot resolve whether the average
key residues of the cPLAand SytlA C&* binding loops, ~ Ofientation is parallel, perpendicular, or intermediate (tilted)
thereby conferring the lipid preference of cPL@2 domain  relative to the membrane surface.
onto the SytlA C2 domain2g). Overall, the available The present study utilizing site-directed spectrosc@® (
evidence suggests that the membrane docking surface of C2Vas initiated to directly map out the membrane docking face
domains typically involves the @& binding loops. of the PKGx C2 domain and to resolve the parallel and

The membrane docking surface of the conserved C2 perpendicular models for docking (Figure 1). Using site-
domain of conventional PKC proteins has not yet been directed mutagenesis, cysteine residues were engineered at
mapped out, although it is generally assumed to include thePositions scattered throughout the protein surface. These
Ca* binding loops. Evidence for the involvement of these cysteines were used as attachment sites for a spin label and
loops has been provided by the crystal structure of the®KC for a fluorophore, and the effect of each cysteine substitution,
C2 domain in complex with two Ca ions and a PS spin label attachment, and fluorophore coupling on the
headgroup analogué3). In this structure, the PS headgroup membrane docking affinity was dete(mined..Subscla_quently,
phosphate directly coordinates bound®Cand contacts the fluorescence and EPR spect_roscoplc 'studlles utilized the
Ca* binding loops. In addition, an inorganic phosphate ion covalently coupled fluorescein and nitroxide probes to
was also found in a different cleft, leading to the hypothesis identify positions that interact with the membrane. The
that this site provides a second headgroup binding site everCOmbined results indicate that the“Cainding loops insert
though it is located well outside the &abinding loops {3). directly into the headgroup layer of the membrane while the
A more recent crystal structure of PIGGC2 domain supports protein face possessing the anion blndln_g sﬂg lies at or near
this model since a PS headgroup is observed to bind to bothth€ membrane surface, favoring a model in which the domain
the C&* binding site and the anion binding site4j. Figure is tilted toward the parallel orientation.
1A illustrates the resulting proposed parallel docking orienta-
tion of the PKQx C2 domain, in which the domain contacts METHODS AND MATERIALS

the membrane via one of its twB-sheets such that the ReagentsThe lipids used were 1-palmitoyl-2-oleogi+
[-strands are approximately parallel to the membrane surface glycero-3-phosphocholine (phosphatidylcholine, PC) and
This parallel orientation allows at least one?Cainding 1-palmitoyl-2-oleoylsn-glycero-3-phosphoserine (phosphatid-

loop and the anion binding site to directly contact the ylserine, PS) from Avanti Polar Lipids. Fluors used were
headgroup region of the membrane, and is supported by theN-[5-(dimethylamino)-naphthalene-1-sulfonyl]-1,2-dihexa-
existence of six lysines on thestrands {3). Four of these  decanoylsnglycero-3-phosphoethanolamine (dansyl-PE, dPE),
lysines are proposed to interact with the PS phospholipid N-(Texas Red sulfonyl)-1,2-dihexadecanoyl-sn-glycero-3-
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phosphoethanolamine (Texas Red-PE, TRPE), and 5-iodo-protein on an SDSPAGE gel and measuring the ratio of
acetamide fluorescein (5-IAF) from Molecular Probes. The the fluorescein fluorescence to the Coomassie absorbance
nitroxide spin probe used was 1-oxyl-2,2,5,5-tetramethyl- of the relevant band before and after staining with Coomassie
A3-pyrroline-3-methyl methanethiosulfonate (MTSSL) from  brilliant blue R250, respectively. Spin-labeled proteins were
Toronto Research Chemicals Inc. Nickel (Il) ethylenedi- run on matrix-assisted laser desorption/ionization time-of-
amineN,N'-diaacetic acid (NIEDDA) was synthesized by flight mass spectrometer to determine efficiency of labeling
heating 17 mM EDDA and 17 mM Ni(OH)in aquo to 60 and to confirm removal of label by reduction with 5 mM
°C while stirring until the solution cleared. The clear solution DTT or 5 mM TCEP at 25C for 20 min.
was incubated overnight at room temperature, and then the Ligand Binding Assay<quilibrium fluorescence experi-
resulting blue solution was filtered and air-dried atZ& ments were carried out on a Photon Technology International
Small unilamellar phospholipid vesicles (SUVs) were pre- QM-2000-6SE fluorescence spectrometer af@5n stan-
pared by sonication with a microtip sonicator (Misonix) for dard assay buffer composed of 20 nN(2-hydroxyethyl)-
5 min at maximum power, while large unilamellar phos- piperazineN'-2-ethanesulfonic acid (HEPES), pH 7.4 with
pholipid vesicles (LUVs) were prepared by extrusion through KOH, 100 mM KCI. The excitation and emission slit widths
a 100 nm membrane in a mini-extruder (Avanti Polar Lipids) were 4 and 8 nm for all equilibrium fluorescence experi-
as previously describe@§, 31). Solutions and plasticware  ments.
were decalcified as describe8@2). To determine the membrane affinities of the cysteine
Protein Production.Cysteine variants were generated variants, as well as the fluorescein- and spin-labeled proteins,
using two different double stranded site-directed mutagenesisfluorescence resonance energy transfer (FRET) was used to
methods. Initially, the Stratagene QuikChange site-directed monitor membrane docking in a phospholipid titration. For
mutagenesis kit was used following the manufacturer's the free cysteine and spin-labeled proteins, FRET was
protocol. Subsequently, the Roche Expand Long Templatemeasured between the donor, intrinsic tryptophans, and
method was found to be more efficient and was used to vesicles containing the acceptor, dansyl-PE. Spin-labeled C2
construct the majority of mutants. Enzymes utilized in the domain (0.5¢M) was premixed with 1 mM EDTA, 2 mM
latter procedure were a 1:1 mixture of the Roche Expand Ca&* (net 1 mM free C#&) in standard assay buffer. The
High Fidelity Polymerase and the Roche Expand Long free cysteine protein was generated by incubating the spin-
Template Polymerase. Besides the polymerase mixture, thdabeled protein with 5 mM DTT for 20 min at 25C to
rest of the procedure followed the recommendations for PCRreduce the spin label-Cys disulfide bond, thereby ensuring
reactions included in the Roche kit. All mutagenic oligo- the labeled and unlabeled samples were as identical as
nucleotides contained the codon for cysteine as well as apossible. Subsequently, SUVs composed of PC/PS/dPE
silent mutation to create a restriction enzyme si#8).( (72.5%:22.5%:5%) were titrated in and the protein-to-
Mutant plasmids were initially identified by restriction membrane FRET was monitored by the increase in dPE

enzyme digest and confirmed using DNA sequencing. emission using excitation and emission wavelength&.of
Purification of the cysteine variants followed the same = 284 nm andlem= 520 nm, respectively. The fluorescence
general protocol as for the wild-type PKGC2 domain {3, due to the direct excitation of the dPE was subtracted from

22). Briefly, the variants were expressed with a His tag and the protein data. For the fluorescein-labeled proteins, FRET
isolated using a nickel affinity column prior to proteolytic was monitored between the donor, fluorescein probe, and
removal of the His tag by thrombin and removal of the free vesicles containing the acceptor, Texas Red-PE. Fluorescein-
tag via a second nickel column as detailed previougB).( labeled C2 domain (0.xM) was premixed with 1 mM
Two different labeling protocols were used. All steps were EDTA, 2 mM C&" (net 1 mM free C&) and 5 mM
carried out at 25C unless otherwise indicated. In the first dithiothreitol (DTT) in standard assay buffer. SUVs com-
labeling protocol, following the second nickel column, the posed of PC/PS/TRPE (74.3%:24.7%:1%) were titrated in
protein stock was divided in half for labeling with 5-IAF and the protein-to-membrane FRET was monitored from the
and spin label, respectively, using a protein concentration decrease in fluorescein emission using excitation and emis-
of approximately 10QuM and a 10-fold molar excess of ~sion wavelengths ofiex = 492 nm andlem = 520 nm,
label. Labeling reactions were done in the presence of 200respectively. To control for the fluorescein quenching due
uM tris-[2-carboxymethyl]-phosphine hydrochloride (TCEP) to photodamage, the fluorescence of a separate cuvette
to reduce the formation of disulfide-linked dimers. Unreacted containing labeled Ca saturated C2 domain was subtracted
label (~1 mM) was removed by serial dilutions via repetitive from the lipid titration data following corrections for dilution.
washing h a 3 mL Amicon ultrafiltration cell until the Under the conditions of this assay, the membrane affinity is
calculated concentration was less than 10 nM. In the secondapproximately independent of the PS mole fracti@®)(
labeling protocol, 20 mL of cell lysate was loaded onto a 2 indicating that the affinity change that occurs as the
mL nickel column in the first affinity step of the protein membrane becomes loaded with C2 domains will be minor.
purification, then the column-bound protein was labeled by  All ligand binding data were subjected to a nonlinear, least-
addition of 80uL of 37.9 mM spin label followed by  squares analysis using the single independent site equation
incubation fo 1 h at 25°C. The nickel resin was thoroughly  (eq 1):

mixed every 16-15 min to ensure complete equilibration

of the protein and spin label. Elution, thrombin cleavage, AF = AF X (1)

and the second nickel column were performed as before. MmN Kp + X

Protein concentrations and purities were determined by

tryptophan absorbance and SBBAGE gels 84, 35). whereAFnax represents the calculated maximal fluorescence
Labeling efficiencies were determined by running the labeled changex represents the total phospholipid concentration, and
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Ko represents the apparent macroscopic equilibrium dis- on their collision rate with the spin label. The three conditions
sociation constant for lipid binding. used were equilibration with (i) nitrogen, (ii) air (containing
Effects of Ligand Binding on Fluorescein Emissidm ambient oxygen), and (iii) nitrogen in the presence of 10
determine the effects of €aand membranes on fluorescein- mM NIiEDDA. The following equation was used to fit the
labeled domains, the change in fluorescein emission of data to determine the best fit value ofPthe microwave
labeled protein upon addition of saturating?€and vesicles  power required to reduce the resonance amplitude to half of
was monitored. Specifically, fluorescein-labeled domains its unsaturated value3):
(~0.5uM) were incubated in assay buffer containing 1 mM

EDTA and 5 mM DTT. Saturating Ga (2 mM), then SUVs A= CVP 3
(3:1 PC/PS or pure PC; 2500 uM) and finally excess - 1 P e (3)
EDTA (10 mM) were added successively and the fluorescein [1 + E -1 q/z]

emission spectra monitored after each additibn € 492

nm; Zen= 505-550 nm). Fluorescence changes were mea- \hereA is the first derivative peak-to-peak amplitude of the
sured relative to the fluorescence intensity of the apo protein cgniral (m = 0) resonanceC is a scaling factorP is the
in the absence of Caand vesicles. The emission maximum  icrowave power, and is a measure of the homogeneity
at 518 nm was used when calculating the percent changesyt the saturation resonance. In this 1@, ¢, and Py, are

The fluorescence change observed for pure PQ membra”eﬁdjustable parameters. The besPiis values for the oxygen-
was subtracted out to remove the contribution due 10 ¢ontaining samples were then used to calculate the oxygen

nonspecific membrane docking. collision parameterI{°¥) using:
To more closely examine the effect of membrane docking
on the fluorescein probe, which possesses two titratable P.o(0,)/AH(O,) — Py,,(NL)/AH(N,)
groups and can exist as a monoanion or dianion, the >y =
monoanion/dianion mole ratio was determined in the absence P12(DPPH)AH(DPPH)

and presence of vesicles by collecting both the excitation
spec?rum Tox = 4\60:525 n?/’n'iem =| gOO nm) ané( tlhel whereAH is the first derivative peak-to-peak line width for

emission spectrumif, = 437 NM: dem = 475-600 nm) the central resonance. A similar equation can be written for

H el NIiEDDA
before and after addition of SUVs. The equilibrium between theleEDDA coII|S|c|)n parameteg( .I d )f' ThePl,z(?(I;PH) |
monoanion and dianion shifts toward the monoanion when &"dAH(DPPH) values were obtained from a solid sample

the fluorescein probe moves from an aqueous into a less polafor:c a,a’ilqiphenylﬁ-picrylhydrazyl (DbPPH) %8)' Fki]nally, from
or more anionic environment. The change in the monoanion/ th€ collision parameters, a membrane depth paraméter,

dianion mole ratio upon membrane docking was estimated can be calculateds):

from the emission spectrum using: oxy
o= e ®
(Ifﬂ’) _ (Ifﬂ’) n
monoanion_ lsi7jeces  \lsir)ceer @ For those positions where only one determination of the
dianion Iﬂ’ B |5ﬂ) collision and depth parameters was carried out, a general
lsi7lmono \ls17/ i error propagation equation was used to calculate the errors

(39).

where |, represents the relative fluorescence emission RESULTS
intensity atx wavelength (monoanion peak at 550 nm and
dianion peak at 517 nm), €arepresents the intensity ratio Isolation of Cysteine MutantSite-directed mutagenesis
upon addition of C&, PC/PS represents the intensity ratio was used to introduce 18 cysteine residues into the isolated
upon addition of membranes at saturatingzCamono C2 domain of PK@ which has no intrinsic cysteine residues.
represents the intensity ratio for pure monoanion, and di To minimize structural perturbations due to the labeling with
represents the intensity ratio for the pure dianid)(The the fluorescein or the spin label, the cysteine substitutions
range of this ratio change extends from zero (when the were placed at positions where the side chaicarbon is
membrane-bound state exhibits the same ratio as the fredully solvent exposed in the crystal structurE3). The 18
Ca&"-occupied protein) to unity (when the membrane-bound positions chosen span all regions of the C2 domain surface.
state is pure monoanion). The variants were expressedischerichia coliand purified
EPR Measurementéll EPR spectra were obtained on a to homogeneity using a 6X-His tag which was removed via
Bruker ESP300E spectrometer equipped with a X-band loop-thrombin cleavage. To introduce spectroscopic probes for
gap resonator (Medical Advances). For continuous wave fluorescence and EPR, each protein preparation was divided
power saturation experiments, samples were loaded into gasn half and reacted with either 5-iodoacetamide fluorescein
permeable TPX capillaries (Medical Advances) and mea- (5-1AF) or 1-oxyl-2,2,5,5-tetramethyh3-pyrroline-3-methyl
surements were taken as a function of the microwave power.methanethiosulfonate (MTSSL) followed by removal of
Experiments were done at 2®& in standard assay buffer. unreacted probe. Herein the fluorescein- and spin-labeled
Spin-labeled proteins (40100 uM) were preequilibrated  cysteine side chains, illustrated in Scheme 1, are abbreviated
with saturating C& (2 mM) and extruded PC/PS (3:1) LUVs F1 and S1, respectively. Unless otherwise specified, the
(36 mM total lipid). Experiments were done in the absence labeled protein was stored and all experiments were con-
or presence of paramagnetic agents which will change theducted in a standard buffer of 20 mM HEPES, pH 7.4, and
relaxation rate and saturation of the resonance dependingl00 mM KCI at 25°C.
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Scheme 1 1.2
10| —*—PKCu A
o ) —o—N206C -
[- 08— ———N206S1
06d —— R249C
) ——R249S1
— S\ PN 0.4 —
s )
(81) Protein 02
0.0
Protn @ | mm==- PKCao B

1094 5 M186F1
08—+ —TH— R252F1
—o— N206F1

Protein-to-membrane FRET (Normalized)

Effects of Cysteine Mutations and Probe Attachment on 0.6 -
Membrane AffinityMembrane docking measurements were 0.4
carried out to determine the effects of the cysteine mutations '
and the effects of both labels on the membrane affinity of 0.2
the C2 domain. Two different fluorescence resonance energy 0.0
transfer (FRET) assays were used to quantitate the membrane 0.2
affinities. For both the unlabeled cysteine and spin-labeled ot 1 10 100 1000
proteins, FRET was measured between the four intrinsic [Total Lipid] (uM)

tryptophans of the C2 domain, which served as donors, and

. . : [ FIGURE 2: Representative membrane binding titrations for cysteine-
PC/P P / 0, 0, 0,
C/PS/dPE ( 2.5%:22.5%:5 /0) vesicles containing a S“'a”substituted, spin-labeled (S1), and fluorescein-labeled (F1) proteins.

mole fraction of dansylated phosphatidylethanolamine (dPE), (a) Membrane vesicles composed of PC/PS/APE (72.5%:22.5%:
which served as the acceptor. For the fluorescein-labeled5% SUVs) were titrated into a sample containing a representative
proteins, FRET was measured between the protein-boundCé*-loaded protein: wild type (closed circles), N206C (open

fluorescein, which served as a donor, and PC/PS/TRPECIrcles), N206S1 (open squares), R252C (open diamonds), or

. . . - . 252S1 (open upside down triangles). Protein-to-membrane FRET
(74.3%:24.7%:1%) vesicles containing a small mole fraction between the intrinsic donor Trp residues of the protein and the

of Texas Red phosphatidy_lethanolamine (TR_PE) Servi_ng 8Sacceptor dansyl PE of the membrane was measured by exciting
the acceptor. Representative effects of cysteine substitutionTrp while monitoring dansyl emission. (B) Membrane vesicles
and of spin label attachment on the membrane binding of composed of PC/PS/TRPE (74.3%:24.7%:1% SUVs) were titrated

the Ca&*+-occupied C2 domain are illustrated in Figure 2A. into a sample containing a representative fluorescein-labeléd Ca

S . LS loaded protein: K230F1 (open circles), N189F1 (open squares),
+
As membrane is titrated into the sample containing’€a Ro52F1 (open diamonds). Protein-to-membrane FRET between

saturated C2 domain, the FRET signal increases until all the protein-bound fluorescein and membrane bound Texas Red PE was
protein is docked. measured by exciting fluorescein while monitoring its emission

Table 1 summarizes the apparent membrane dissociatiorflécrease due to FRET. Experimental conditions for (A) and (B):
constantsKop, for all the modified proteins. The effects on 250 SC; 20 mM HEPES, pH 7.4, 100 mM KCl, 1 mM free €a

. . ~0.5uM protein. Solid curves indicate best-fits calculated using

membrane affinity are somewhat related to the size of the gq 1:" the best-fit apparent dissociation constakig obtained for
attached probe. At 15 of the 18 positions chosen for cysteinethese and other modified proteins are summarized in Table 1. The
substitution, both the free cysteine side chain and the spin-dashed curve in (B) for the wild-type C2 domain was determined
labeled side chain have relatively small effects on membraneUsing the procedure in (A).
affinity, yielding Kp values within 3-fold of native. These
small perturbations correspond to a free energy change ofon the membrane docking surface, is consistent with the
AAG < 1 RT, on the order of thermal energy. At the previous finding that the proteirmembrane interface of C2
remaining three positions, both the free cysteine side chaindomains is much less sensitive to perturbation by MTSSL
(K165C, H174C, and R252C) and the spin-labeled cysteineand fluorescein probes than a typical protepmotein
side chain (K165S1, H174S1, and R252S1) decrease meminterface @4, 26). This unusual plasticity presumably arises
brane affinity from 3- to 6-fold, corresponding to free energy from the ability of phospholipids to adjust their positions
changes oAAG ~ 1—-2 RT. Coupling of the bulkier, anionic  and conformations to accommodate significant side chain
fluorescein often yields larger perturbations than the smaller, modifications. The small size of the perturbations suggests
neutral spin label. At 12 of the 18 labeling positions both that the modified proteins will generally dock to the
the free cysteine side chain and the fluorescein-labeled sidemembrane with the native depth and orientation.
chain yield membrane affinities within 3-fold of native, but Focusing on the nine positions where at least one
at the remaining six positions fluorescein attachment de- modification (cysteine substitution or probe coupling) changes
creases membrane affinity over 3-fold (M186F1, N189F1, the membrane affinity more than 3-fold relative to wild type
K211F1, R216F1) or increases membrane affinity over 3-fold (Table 1), the highest density of perturbing positions is
(K181F1, Q280F1) relative to native. The largest perturbation observed on the three €abinding loops (CBL1, CBL2,
is a 28-fold affinity decrease observed for the fluorescein- CBL3). One of the five CH binding loop positions yielded
labeled protein R216F1, which lies close to thé'Qzinding the large 28-fold affinity loss (R216F1), while three of these
site and is the only modification that changes affinity more positions yielded 3- to 6-fold affinity losses (M186F1;
than 6-fold. The observation that 53 of the 54 modifications N189S1 and F1; R252C and S1). By contrast, at the
alter affinity less than 6-fold, even though a subset must lie remaining 13 positions outside the dinding loops, only
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Table 1: Membrane Dissociation Constarfg) of Modified C2 Domains

mutation location unlabel&Cys mutant labeled withMITSSL labeled witHfluorescein
(wild type) 11+ 1) uM
K165C Bl 63+6 494 5uM 12+ 1uM
H174C p2 40+ 4 40+ 3 45+0.5
K181C p2 4.5+ 0.4 8.2+ 0.7 1.7+£0.2
M186C p2—p3 (CBL1y 24+1 25+ 2 60+ 10
N189C p2—p3 (CBL1) 1241 3.9+0.1 604+ 10
N206C p3—p4 12+1 11+1 5.4+ 0.2
K211C pa 16+ 3 1941 51+ 2
R216C p4—p5 (CBL2) 11+1 30+ 6 310+ 20
N224C A5 12+1 8.6+ 0.5 12.8+ 0.2
K230C p5-36 16+ 2 16+ 2 7+1
S234C ol 9+1 71 4.4+0.7
S241C 6 17+2 14+ 2 12.6+ 0.3
R249C p6—p7 (CBL3) 29+ 5 17+ 4 26+ 6
R252C p6—p7 (CBL3) 50+ 1 35+1 13.5+ 0.4
K268C o2 11.8+ 0.8 11.0+£ 0.5 7.4+ 0.3
S272C 38 9.3+ 0.6 8.8+ 0.6 20+ 3
Q280C a3 125+ 0.9 11.0+ 0.9 3.0+ 0.4
Y286C C-terminus 1*1 19+ 1 10.5+£ 0.4

2 CBL represents Ca binding loop.? Apparent equilibrium dissociation consta#ty) for C2 domain docking to 3:1 PC/PS membrane vesicles
measured as illustrated in Figure 2A by protein-to-membrane FRET between intrinsic Trp (donor) and dPE (acceptor). Experimental conditions:
~0.5uM protein, 5 mM DTT, 20 mM HEPES, pH 7.4, 100 mM KCI, 1 mM freeXa72.5%:22.5%:5% PC/PS/dPE, 26. ¢ Same as footnote
b except that DTT was omitted from experimental conditichép for docking to 3:1 PC/PS membrane vesicles measured as illustrated in Figure
2B by protein-to-membrane FRET between the fluorescein label (donor) and TRPE (acceptor). Experimental conditions: same as footnote b except
membranes were PC/PS/TRPE 74.3%:24.7%:1%. All errors-a®® as determined by nonlinear best fit of eq 1 to titrations possessing at least
17 data points.

five scattered across the protein surface yield membraneS234F1, K268F1, Y286F1). €a binding has the most
affinity changes as much as-8-fold when modified (Table  dramatic effect on positions K211F1 and R216F1 where a
1). The high density of G4 binding loop modifications that ~ 70—90% fluorescein emission increase is observed (see
perturb membrane docking is consistent with previous studiesk211F1 in Figure 3). Notably, the effect of &€abinding to
of other C2 domains indicating that these loops not only bind the C2 domain is well dispersed over the majority of the
Ca*, but also make the majority of direct protein-membrane domain. The simplest explanation for these findings is that
contacts {5, 17, 19, 24—28, 40). However, C&" and the Ca'-triggered conformational change is global rather
membrane binding to the PKCC2 domain are tightly  than local.
coupled 22); thus, the membrane affinity losses triggered  Fluorescence Analysis of the Membrane Docking Surface.
by modification of the C& binding loops could in principle  To identify label positions located on the membrane docking
arise from loss of Cd affinity, rather than from direct  surface, membranes were added to th&" @acupied protein
perturbation of the proteinamembrane interface. The five and the effect on fluorescein emission was measured. The
positions where membrane affinity changes are observedresults are summarized for representative mutants in Figure
outside the CH binding loops add further ambiguity. It 3 and the entire set in Table 2. For nine proteins, addition
follows that the pattern of membrane affinity changes of PC/PS vesicles (3:1) has a minimal effect, changing the
triggered by surface modifications does not conclusively fluorescein emission by no more than 20%. For six proteins,
localize the membrane docking site. To better map out this an intermediate 2630% fluorescein emission decrease is
functionally critical surface, the fluorescein- and spin-labeled observed, while for the remaining three proteins a greater
proteins were used in spectroscopic studies designed to detedhan 40% emission loss is detected. A decrease in fluores-
changes in probe environment upon ?Céinding and cence emission intensity is consistent with, but does not
membrane docking. prove, a transfer of the probe into a less polar or more anionic
Fluorescence Analysis of the €aTriggered Conforma- environment 86). Notably, the three largest emission
tional Change.The fluorescence intensity of fluorescein, decreases all occur at label positions on the second and third
which is strongly modulated by its protonation state, is C&" binding loops (R216F1, R249F1, R252F1), suggesting
sensitive to local environmental conditions including changes that these loops are involved in the protemembrane
in pH and dielectric constanB6, 41). To identify regions docking interface. The six intermediate emission decreases
of the C2 domain involved in a Gatriggered conforma-  are observed for two label positions on the firstClainding
tional change, the effect of €aon the fluorescein emission loop (M186F1, N189F1), and for four positions on the face
of each protein was determined in the absence of membranesof the protein possessing the anion binding site (N206F1,
Representative results for three fluorescein-labeled proteinsK211F1, K230F1, S234F1).
are shown in Figure 3, and Table 2 summarizes the emission The excitation and emission spectra of fluorescein both
changes for all 18 proteins. At seven labeling positiong"Ca undergo characteristic wavelength shifts when its protonation
addition has a minimal affect on the fluorescein emission, state is altered, and these spectral changes provide a sensitive
yielding changes no larger than 20% (see K165F1 in Figure detector of environmental changes. Scheme 1 above il-
3). However, at nine positions, a significant -200% lustrates the two titratable groups associated with the
fluorescein emission decrease is observed upéh &fition aromatic system. In an agueous environment at neutral pH,
(K165F1, H174F1, M186F1, N189F1, N206F1, K230F1, fluorescein exists predominantly as a dianion, while in a less
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Y286C C-terminus —36+5% —15+2% 4+ 1%

a Fluorescein emission change upon addition of saturatirfg (2a
mM), or of saturating Cd and membrane vesicles (3:1 PC/PS, total
lipid 250 uM or 500 uM for R216C) as illustrated in Figure 3.
Experimental conditions:~0.5 uM protein, 5 mM DTT, 20 mM
HEPES, pH 7.4, 100 mM KCI, 28C. To control for nonspecific effects
of membrane addition including scattering of excitation light, the effect
of addition of PC membranes which do not bind the domain was
subtracted from all sample%Percent increase of the fluorescein
[monoanion]/[dianion] ratio upon addition of membrane vesicles (3:1

1.2 Table 2: Fluorescein Emission Changes
K165F1 2
1.0 A mono/
dianiorf

0.8 - fluorescein A emissioupon addition of ratio upon
s labeling addition of
ﬁ 0.6 site location car PC/PS PC/PS
— K165C p1 —254+9% —3+1% 22+0.7%
£ o4 © ¢ H174C 2 —224+1% —-1+1% 23+0.1%
5 K181C g2 —8+2% -5+3% 1.2+05%
202 ° (* EBZI'F:AS&&P%a/PS ac M186C $2—83 (CBL1) —35+5% —20+3% 37+ 4%
Py a N189C p2-B3(CBL1) —43+3% —23+2% 45+ 3%
2 N206C pB3—p4 —29+1% —22+2% 17.1+0.3%
© 20— i K211F1 K211C f4 90+ 10% —30+4% 7.9+ 0.5%
a 2 g R216C p4—p5(CBL2) 71+£3% —49+4% 10+ 1%
£ N224C p5 -124+2%  —-3+1% 3+ 1%
9 K230C p5-86 —33+2% —22+2%  27+2%
o S234C al —29+9% 244+ 3% 44 2%
2 S241C  $86 —84+2%  —4+2% 45+0.7%
] R249C B6-B7(CBL3) —6+1% —60+10% 36+ 2%
™ R252C f6-B7(CBL3) —15+1% —67+7%  37+1%
“ K268C a2 —24+1%  —2+1%  0.6+0.2%
o S272C 48 —184£2%  —34+1% 54 1%
3 Q280C a3 —18+1%  —7+£2%  7+1%
c
[<}]
[E]
(7]
()
1™
o
=
[T

0.0— T ; T , T r T . { PC/PS, total lipid 25:M or 500 M for R216C) in the presence of
510 520 530 540 550 saturating C&# (2 mM) as illustrated in Figure 4 and calculated by
Wavelength (nm) Equation 2. Experimental conditions same as footnote a. All errors are

+ SEM forn > 3.

Ficure 3: Fluorescein (F1) emission intensity changes triggered
ighreprejsetnhtat]i?/e proteins by Ezbinding anfl memfbranﬁ ﬁocking. __exhibit no significant change<( 10%) in the monoanion/
own IS the Tluorescence emission spectrum or eac! uorescein- ;. : : . P .
labeled apo protein (open circles), as evell as spectra generated b}i.lanlon ratio upo'n' docking; thu§, the r,”aJO”tY of labeling
successive addition of saturating”42 mM, open squares), then  sites do not exhibit detectable interactions with the mem-

membrane vesicles (3:1 PC/PS SUVs, 2500 uM total lipid, brane. Two proteins exhibit intermediate {230%) increases
closed circles), and finally excess EDTA (10 mM, open triangles). in the monoanion/dianion ratio, while four proteins exhibit

For each fluorescein-labeled protein, the emission spectrum of thelarge (35-45%) increases in this ratio upon docking (Figure
apo protein was used to normalize the other spectra generated.

Experimental conditions: 28; 20 mM HEPES. pH 7.4, 100 mM 4, lower). The four quprescein ppsitions that e>_(hit.)it the
KCl, 5 mM DTT, ~0.5xM protein. C&*- and membrane-triggered  largest effects are localized to the first and third'Qainding
fluorescein intensity changes are summarized in Table 2 for theseloops (M186F1, N189F1, R249F1, R252F1), while the two
and other fluorescein-labeled proteins. intermediate effects are observed on the face of the protein
o ) o possessing the anion binding site (N206F1, K230F1). These
polar or more anionic environment the monoanion is more resylts, together with the largest emission intensity changes
prevalent. The dianion has different excitation and emission poted above, suggest that the three?'Chinding loops
maxima, as well as a higher quantum yield, than the dominate the membrane docking surface and that the face
monoanion §6). Thus, the interaction of the probe with a  of the protein possessing the anion binding site may interact
membrane, which shifts the equilibrium toward the monoan- weakly with the membrane. However, the fluorescein probe
ion, triggers large spectral shifts. could detect a long-range conformational change, or its large
Figure 4 illustrates the effects of membrane addition on size could allow it to project from the protein surface through
the excitation and emission spectra of the fluorescein-labeled,the aqueous phase to contact the surface of the membrane.
Ce&™-occupied protein. No significant effects are observed It follows that the fluorescence approach could overestimate
for the K165F1 protein (Figure 4, upper), while characteristic the area of the membrane docking surface. Thus, a comple-
wavelength and intensity changes are observed for thementary EPR approach was used to generate an independent
R252F1 protein (Figure 4, lower) indicating conversion of map of the docking surface.
dianion to monoanion. For each fluorescein-labeled protein, EPR Analysis of the Membrane Docking Surfate.
Table 2 presents the change in the monoanion/dianion molefurther analyze the location of the membrane-docking
ratio observed when the €asaturated protein docks to the surface, EPR measurements were carried out to identify
membrane. The ratio change is scaled such that 0% representgositions that interact directly with the membrane. The
no change upon membrane docking, while 100% indicates approach analyzed the relative rates at which a spin label
that the fluorescein is converted completely to monoanion coupled to the protein collides with two other paramagnetic
upon membrane docking. Table 2 indicates that 12 proteinsprobes: the apolar dioxygen moleculey)(@und predomi-



Membrane Docking Surface of the PiKGC2 Domain Biochemistry, Vol. 42, No. 5, 20031261

1.2 3.00
- o - PC/IPS K165F1 K16581
e + PC/PS % 2.50 - i
N
= 08 ® o
s 08 S © 2,00
£ e ©
5 06 P 2
S o 1.50 —a— NIiEDDA
= 0.4 2
3 o2 1.00 -
g 0.2 =
o + 0.50—
g g
o (&) R249S1
S « 1.75—
T o
c % 1.50 —
3 2 1.25-
8 s
1.00 -

o £
3 < 0.75
[T

. 0.50 -

400 450 500 550 600 0.25-—+—TrT 7T T T T T T T T T
Wavelength (nm) 0 10

4 1/2 6 1/2 8

FiGurRe 4: Fluorescein protonation state changes triggered by (Power)™", (mW)
membrane docking. Shown are excitation and emission spectra ofFicure 5: EPR power saturation of spin-labeled (S1) proteins to
fluorescein-labeled (F1) proteins measured in the absence (operdetermine solvent and membrane exposure. Spin-labeled proteins
circles) and presence (closed circles) of membrane vesicles (3:1were preequilibrated with saturating &aand 3:1 PC/PS vesicles
PC/PS SUVs, 256500 uM total lipid). Spectra were normalized  to drive membrane docking. Subsequently, the indicated EPR power
to the maximum fluorescence before the addition of vesicles. For saturation curves were obtained by increasing the cavity microwave
the excitation spectraen = 600 nm and for the emission spectra, power while measuring the first derivative peak-to-peak amplitude
Aex = 437 nm. The presence of the monoanion is indicated by the change of the central resonance; (m 0) under three differing
excitation shoulder at 470 nm and the emission shoulder at 550 conditions: equilibrated with N(open circles), equilibrated with
nm. Experimental conditions: 2%, 20 mM HEPES, pH 7.4, 100  ambient Q (open squares), or equilibrated with Bnd NIEDDA
mM KCI, 5 mM DTT, 1 mM free C&*, ~0.5uM protein. (closed triangles). Experimental conditions: °Z5 20 mM HEPES,

pH 7.4, 100 mM KCI, 2 mM C#&', 3:1 PC/PS LUVs at 36 mM

total lipid, ~40—100uM protein.
nantly in the membrane and the zwitterionic NiEDDA
complex found primarily in the aqueous phase. EPR power N ) o
saturation experiments were carried out as illustrated in two positions on the first and second ‘Cainding loops
Figure 5 to measure the;@nd NiEDDA collision parameters ~ (M186S1, R216S1) and for five positions on the face
1o and ITNEPPA | respectively, which were in turn used to possessing the anion binding site (N206S1, K211S1, S234S1,
calculate the membrane depth paramefer= In(I1>/ $241S1, Q280S1). The highddt'=°"* values (1.1 to 1.8)
[INEDDA) Positive values of the depth parameter are associ-are located at the remaining eight positions, including all

ated with membrane penetration, while negative values five positions on the face opposite the anion binding site

indicate exposure to aqueous soluti@6,(37). (K165S1, H174S1, K181S1, N224S1, S272S1). Together,
Table 3 summarizes the results of the power saturationthese results indicate that the first and thirc?Chinding
measurements for the 18 proteins, including theiradd loops penetrate most deeply into the membrane, and that the

NiEDDA collision parameters and their membrane depth membrane partially shields the face possessing the anion
parameters. The measurBl# collision parameters range binding site from collisions with NIEDDA.

from 0.15 to 0.38, and three of the four largest values are The membrane depth parameterprovides the clearest
observed for positions on the first and third?Cainding picture of direct membrane insertion. Positive valuespof
loops (N189S1, R249S1, R252S1), indicating that these loopswere observed only for the same three positions on the first
exhibit high collision rates with @from the membrane-  and third C&" binding loops (N189S1, R249S1, R252S1).
associated pool. The remaining ladde” value is observed  These positiveb values arise both from increased exposure
for a position at the opposite end of the protein (K268S1); to membrane-dissolved,@nd decreased exposure to aque-
this position may lie near an inding site in the protein ~ ous NiEDDA, and are characteristic of membrane penetra-
interior. TheIINEPPA collision parameters range from 0.11 tion. Positions N189S1 and R249S1 in the first and third
to 1.76, a 16-fold difference, indicating that a broader range C&" binding loops exhibit the largest positide values (0.8

of collision rates was observed for NIEDDA than fop.O + 0.2 and 1.0+ 0.1, respectively) and thus insert most
The three lowestINEPPA values (0.1 to 0.3) are observed deeply into the membrane. Position R252S1 in the thijf Ca
for the same three positions on the first and thircP'Ca  binding loop exhibits a smaller but still positie value of
binding loops that exhibited highI®® values (N189S1, (0.14+ 0.09), suggesting that this position lies closer to the
R249S1, R252S1), providing strong evidence that these loopsaqueous phase. The remaining 15 positions all exldibit
are associated with the membrane where they collide rapidlyvalues below—1.2, indicating that these positions are
with O, and are protected from collisions with NIEDDA. partially or fully exposed to aqueous solution and do not
Intermediatel INEPPA values (0.6 to 1.0) are observed for penetrate significantly into the membrane. Together, the
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Table 3: EPR Power Saturation Parameters

Kohout et al.

proposed for the membrane docking face and orientation of
the PKGx C2 domain as illustrated in Figures 6 andThe

IZ%IQI model reflects the overall conclusion that all of the direct

site location a[qoxy b[TNIEDDA P membrane insertions are localized to thé Gainding loops,
K165C p1 0251004 149% 001l —177%0.06 _such that loop positions N189, R249, and R252 penetrate
H174C f2 0.2640.04 1.76+0.01 —1.92+ 0.07 into the headgroup layer of the membrane. The model also
K181C p2 0.234+0.06 1.13+0.02 -1.6+0.2 proposes that the face of the domain possessing the anion
M186C f2—(3(CBL1) 0.17+£0.03 08+0.1 -1.6+£0.2 binding site lies at or near the membrane surface (Figures 6
H%ggg gg:gj (CBL1) g:fgi 8:8% Oil.gi 8:24 fg:gi 8:% anq 7). T_hese constraints .indicate that, overall, the domain
K211C p4 017+ 0.02 08+01 —15+023 is tilted with theg-strands oriented nearly parallel to the plane
R216C B4—p5(CBL2) 0.18+0.04 0.84+0.05 —1.64+0.2 of the membrane (Figures 1A, 6, and 7). The following
N224C  f5 0.24+0.04 1.20+0.01 —1.63+0.09 discussion analyzes the lipid affinity, fluorescence, and EPR
gggg f&—ﬁG 8:%% 8:82 0.18§i 8:(1)1 __1.173& 8:37 r_esults relevant to the membrane docking depth and orienta-
S241C f6 0.22+0.07 0.76£0.03 —1.3+0.2 tion.
R249C B6—p7 (CBL3) 0.30+0.01 0.11+0.01 +1.0+0.1 The membrane affinity changes triggered by C2 domain
R252C f6—p7(CBL3) 0.3+01  0.3+0.1 +0.144+0.09 modifications (cysteine substitution, spin labeling, or fluo-
§§§§€ gg 8'%1 8'82 igﬁ 8'81 _Elééi 8'35 rescein coupling) are summarized in Figure 6A. This
Q280C a3 02+02 06+01 —14+03 approach serves as a control for the effects of spectroscopic
Y286C C-terminus 0.26-0.04 1.34+0.01 —1.64+ 0.09 labeling on membrane docking and, in principle, can also

help identify residues involved in docking. Highlighted in
Figure 6A are positions at which side chain modification
alters the membrane affinity more than 3-fold. These largest
membrane affinity changes are observed at nine positions
C&* (2 mM), saturating membrane vesicles (3:1 PC/PS, total lipid 36 scattered over most surfaces of the protein, suggesting that
mM), and NiEDDA (10 mM). Experimental conditions as in footnote Membrane docking involves a global conformational change
a. ¢ Membrane depth parameter calculated from the collision parametersthat allosterically couples distant positions to the membrane
(@ = In[IT>Y/IINEPPA]). Positive values indicate membrane insertion,  docking site. The highest density of perturbed positions is
negative values indicate exposure to aqueous soNEB(). observed on the three &abinding loops, where four of the
o o five positions tested exhibit altered membrane affinities when
fluorescence and EPR data indicate that thé"@anding  the native side chain is modified. However, the five remain-
loops serve as the primary membrane docking site with the jng perturbed positions lie outside the Zainding loops
Ca'" binding loops 1 and 3 penetrating into the headgroup on different regions of the protein surface. Thus, although
region of the membrane. The anion binding sitgfestrands  the membrane affinity effects are consistent with the
3—4 lies at or near the surface of the headgroup region. importance of the three €abinding loops in membrane
DISCUSSION docking, they do not_conclusively determine the location of
the membrane docking face.

When C&" binds to the C2 domain of PKE fluorescence The results of the fluorescence analysis of membrane
emission changes are observed at 11 of 18 fluoresceindocking are summarized in Figure 6B, which highlights the
labeling positions tested on the protein surface. It follows positions where fluorescein probes exhibit the largest changes
that the structural or electrostatic effects ofChinding are in both emission intensity and monoanion/dianion ratio. The
transmitted over a large fraction of the protein. The simplest largest membrane docking effects on emission intensity are
explanation is that CGa binding triggers a global confor-  observed for fluorescein labeling sites or?Chinding loops
mational change through tifestrands. Previous findings for  two and three (R216F1, R249F1, and R252F1), where
the C2A domain of synaptotagmin | have indicated th&t"Ca intensity decreases exceeding 40% were observed upon
binding causes only a localized conformational change within docking. The largest effects of docking on the fluorescein
the C&" binding loops §), suggesting that the €a monoanior-dianion equilibrium are observed for labeling
activation mechanism of the two domains may be different. positions on the first and third €abinding loops (M186F1,

An alternative explanation for the PKGC2 domain findings N189F1, R249F1, and R252F1), where the monoanion/
is that C&" binding triggers a global electrostatic change dianion ratio increased over 35% upon membrane associa-
transmitted across large regions of the protein surface bytion. Thus, the largest environmental changes triggered by
subtle rearrangements of exposed side chains and nearbynembrane docking are all localized to the threé'@dinding
solvent molecules. Fluorescein emission is highly sensitive loops, and the directions of the changes are consistent with
to local electrostatics and pH, and can detect subtle changesfluorescein insertion into a less polar or more anionic
Such long-range electrostatic effects are less likely, however,membrane environment where the emission intensity de-
since experiments were carried out at an ionic strength creases and the monoanion/dianion ratio increases. Besides
approaching physiological (100 mM KCI). Thus, €a the large effects localized to the €ainding loops, smaller
binding probably triggers a global conformational change. fluorescein emission changes (280%) or monoanion/

Following C&" binding, the activated PK& C2 domain dianion ratio shifts (1530%) are observed at four positions
docks to a membrane. The present findings place strongon the face possessing the anion binding site (N206F1,
constraints on the region of the protein surface that makesK211F1, K230F1, S234F1). These smaller, membrane-
direct membrane contacts. Combining the results of lipid triggered environmental changes could indicate a more
affinity, fluorescence, and EPR measurements, a model isexpansive membrane docking surface extending beyond the

a0Oxygen collision parameted®¥) measured in the presence of
saturating C& (2 mM), saturating membrane vesicles (3:1 PC/PS, total
lipid 36 mM), and ambient @ Experimental conditions: 40100uM
protein, 20 mM HEPES, pH 7.4, 100 mM KCI, Z&. " NiEDDA
collision parameted{NEPPA) measured in the presence of, Naturating
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FiGUurRe 6: Locations of large fluorescence and EPR effects triggered by membrane docking. Shown are MOLSIGRiBBdn diagrams

of the PKGx C2 domain crystal structure in the proposed orientation relative to the membrane headgroup and hydrocarbon layers. The
diagrams indicate the positions of the 18 Cys substitutions, highlighting the positions of large membrane affinity, fluorescence or EPR
changes. (A) Membrane affinity effects. Positions where cysteine-substitution, spin-label attachment, or fluorescein coupling alter the membra
docking affinity >3-fold are shown in black; other positions exhibiting little or no change are shown in gray. (B) Fluorescein emission
effects. Positions where fluorescein exhibited a large emission 1048%) or a large gain in the monoanion/dianion mole rat@%%)

upon membrane docking are shown in black; positions exhibiting an intermediate emission t638%@0or increase in the monoanion/
dianion ratio (15-30%) are hatched; other residues are shown in gray. (C) EPR power saturation effects. For each spin-labeled protein, the
membrane depth parametdr = In(IT°*/TINEPPA) was determined from the ratio of collision rates for the membrane proeben® the

aqueous probe NIEDDA. Positions with positi®evalues indicating membrane penetratidn ¥ 0) are shown in black; positions exhibiting
moderate protection from collisions with NIEDDAI{EPPA = (0.6—1.0) are hatched; other residues are shown in gray.

C&" binding loops to include the anion binding site, or could chains are inserted into the polar headgroup layer at or near
indicate an allosteric conformational change transmitted from the interface with the bilayer hydrocarbon core, while the
the membrane docking surface to distal positions. One spin-labeled R252S1 side chain is located in the polar
caution with regard to the fluorescence approach is the largeheadgroup layer closer to aqueous solvent. It should be noted,
size of the cysteine-coupled fluorescein probe, which is however, that the flexibility of the spin labeled side chain
considerably larger than any of the native side chains it introduces uncertainty into this analysis; thus, the depth
replaces. It follows that the fluorescence approach could assignments are qualitative. The 15 remaining positions all
overestimate the size of the membrane docking surfaceexhibit highly negative depth parameters indicating partial
wherever the bulky, hydrophobic fluorescein probe is able or full solvent exposure, but seven positions exhibit low
to extend from a solvent-exposed position to the surface of oxygen collision rates as well as partial shielding from
the membrane. Thus, it is useful to complement the informa- collisions with aqueous Ni-EDDA (M186S1, N206S1,
tion provided by fluorescence with information provided by K211S1, R216S1, K234S1, S241S1, Q280S1). The simplest
EPR, especially since the nitroxide spin probe is significantly model places these residues outside but nearby the mem-
smaller and less perturbing than the fluorescein probe. brane, where they are outside the oxygen gradient of the
The findings of the EPR approach are summarized in bilayer but are sterically protected from collisions with the
Figure 6C, which highlights the positions that exhibit the large Ni-EDDA complex.
largest spin label depth parameter®)(for membrane Overall, the EPR results provide strong evidence that only
insertion. This depth parameter is determined by the relation-the C&" binding loops directly penetrate into the membrane.
ship @ = In(TT®Y/TINEPPA) which is related to the ratio of  In the native C2 domain, the polar and charged N189, R249,
spin label collisions with membrane-dissolved oxygHE%Y) and R242 side chains most likely interact with polar and
to spin label collisions with aqueous Ni-EDDAI[EPPA) anionic groups inside the headgroup layer. The results also
(26, 37). The results indicate that three positions on the first place the anion binding site at or near the membrane surface,
and third C&" binding loops are inserted into the membrane, thereby tilting thep-strands toward a parallel orientation
while the remaining positions are partially or fully exposed relative to the membrane surface as illustrated in Figure 1A.
to aqueous solvent. Specifically, N189S1 on the first'Ca A detailed model of the proposed orientation is shown in
binding loop and both R249S1 and R252S1 on the thid Ca  Figure 7. This nearly parallel orientation is similar to that
binding loop exhibit high oxygen collision rates, low Ni- predicted based on the assumption that lipid headgroups dock
EDDA collision rates, and positive depth parameters char- both to the protein-bound €aions and to the anion binding
acteristic of membrane penetration (Table 3). fihgalues site (13, 14). The model of Figure 7 suggests that the effects
of N189S1 and R249S( = +0.8+ 0.2 and+1.0+ 0.1, of membrane docking on fluorescein and spin label probes
respectively) are significantly larger than that of R252&1 (  at the K230 and S234 positions may be transmitted allo-
= +0.14 + 0.09), indicating that the latter is less deeply sterically through interactions with the3—/4 interstrand
buried in the membrane. The depth paramebecan be loop, which lies significantly closer to the membrane surface
converted into an approximate distance of membrane penethan K230 and S234.
tration by comparison with a previously determined standard The nearly parallel membrane docking orientation ob-
curve relatingb to membrane deptl26). Such a comparison  served for PK@ C2 domain is significantly different from
suggests that the spin-labeled N189S1 and R249S1 sidghe docking angle previously observed for the cRLG?
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headgroup region where it could contact a headgroup
phosphate. Instead, the site may draw a lipid partially up
out of the membrane to bind its headgroup, or the site may
penetrate into the headgroup region only during a specific
signaling state. For example, the site could be driven into
the headgroup layer by the appearance of a signaling lipid
to which it binds, or by signaling conformational changes
triggered within other domains of the full-length PKC
enzyme. Alternatively, the site could interact with a phos-
phorylated amino acid on a different domain of full-length
PKCa, which is activated by phosphorylatioAd), or on a
different protein. Further studies will be needed to determine
whether the phosphate binding site plays an important
biological role.
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Ficure 7: Deduced orientation of the membrane-bound B2

measurements.

SUPPORTING INFORMATION AVAILABLE
EPR spectra obtained for each of the 18 spin-labeled

domain relative to the membrane surface. Shown is a model proteins in the apo, Ca-occupied, and membrane-bound

membrane of pure lipids44, 45) to which the crystal structure of
the isolated PK@ C2 domain has been dockelB). The headgroup
layers of the membrane exhibit high heavy atom densities due to
the presence crystallographic waters, some of which are highlighted
(small space filled molecules), while the central hydrocarbon layer
exhibits a lower atom density. For each labeling site on the protein
surface, a nitroxide spin label (ball-and-stick, with the nitrogen
indicated by sphere) was modeled onto the crystal structure using
the program INSIGHT Il (Biosym Technologies). Most of the spin
labels have been given the' ,gg* dihedral angles believed to be 3
most common46) except for those where the dihedral angles are
constrained to fit the EPR data (M186S1, N189S1, N206S1, 4
R216S1, K230S1, S234S1, R249S1, and R252S1). Also shown are

two bound C&" ions (large yellow spheres), the €ainding loops 5.

1 and 3 that directly contact the membrane, and the phosphate ion
(red) bound in the anion binding site on strands43

states are presented as Supporting Information available free
of charge via the Internet at http://pubs.acs.org.
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