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ABSTRACT. The ubiquitous C2 domain is a conserved Gaiggered membrane-docking module that targets
numerous signaling proteins to membrane surfaces where they regulate diverse processes critical for cell
signaling. In this study, we quantitatively compared the equilibrium and kinetic parameters of C2 domains
isolated from three functionally distinct signaling proteins: cytosolic phospholipase @PLA>-a),

protein kinase @3 (PKC-3), and synaptotagmin-IA (Syt-IA). The results show that equilibrium C2 domain
docking to mixed phosphatidylcholine and phosphatidylserine membranes occurs at micronfdlar Ca
concentrations for the cPLAx C2 domain, but requires 3- and 10-fold higher*Caoncentrations for

the PKC# and Syt-IA C2 domains ([Cd&]1.= 4.7, 16, 48uM, respectively). The Ca-triggered membrane
docking reaction proceeds in at least two steps: rapfd Giading followed by slow membrane association.

The greater Cd sensitivity of the cPLA-a. domain results from its higher intrinsic €aaffinity in the

first step compared to the other domains. Assembly and disassembly of the ternary complex in response
to rapid C&" addition and removal, respectively, require greater than 400 ms for thee®ldamain,
compared to 13 ms for the PK€domain and only 6 ms for the Syt-IA domain. Docking of the cBRioA

domain to zwitterionic lipids is triggered by the binding of two?C@ns and is stabilized via hydrophobic
interactions, whereas docking of either the PK®©r the Syt-IA domain to anionic lipids is triggered by

at least three G4 ions and is maintained by electrostatic interactions. Thus, despite their sequence and
architectural similarity, C2 domains are functionally specialized modules exhibiting equilibrium and kinetic
parameters optimized for distinct €asignaling applications. This specialization is provided by the carefully
tuned structural and electrostatic parameters of thefrf-Cand membrane-binding loops, which yield
distinct patterns of Ca coordination and contrasting mechanisms of membrane docking.

During signal transduction in eukaryotic cells, elevation oscillations that reach peaks of 10uM C&*" pass through
of the second messengeralirects diverse fundamental specialized regions of cardiac cells up to 10 times per second,
events such as cell division, motility, and contraction, thereby directing the contraction and relaxation phases of
activation of numerous intracellular pathways, secretion of the heart beat5). In nonexcitable cells, micromolar &€a
bio-active compounds, and programmed cell de&thThe waves of lower frequency and longer duration, lasting from
biochemical events underlying these processes are controlledeconds to hours, transmit €asignals throughout the
by the spatial and temporal properties of?Caransients cytoplasm and nucleus). Given the diversity of cellular
generated as local puffs or sparks, or propagated as globalCa* signals, it is reasonable to postulate that'@Qagulated
spikes or waves. These transients are highly specialized ancproteins will exhibit highly specialized equilibrium and
differ dramatically between cell types. For instance, at the kinetic C&"-binding parameters that are “tuned” to match
active presynaptic zones of neuronal cells, brief localized the levels and time scales of specific2C#&ransients 7, 8).

transients e>§ceed|r!g 1QQM Ca2.+ dlre_ct the release of The C2 domain is a conserved membrane-targeting motif
neurotransmitters via vesicle fusion with the plasma mem- present in a multitude of Garegulated signaling proteins
brane, thus resulting in transmission of signals to postsynaptic(g_ll). The C2 domain and the EE-hand motif of the
neurons on the millisecond time scake-4). Smaller C&* calmodulin superfamily are the two most frequently occurring
Cat sensors: for example, ti@ elegansD. melanogaster
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Ficure 1: Comparison of three representative C2 domains and models for the mechanism of membrane docking. (A) Structures of the
cPLAx-a (43), PKCH (29), and Syt-IA @8) C2 domains illustrating their shargitsandwich architecture. Yellow spheres denote the
crystallographic C& ion(s) occupying a site formed by three inter-strand loops. (B) Space-filling representation of the thréenGig

loops for each C2 domain, highlighting basic side chains in blue and hydrophobic side chains in green. Yellow spheres illustrate the bound
C&* ions of the proteir-membrane complex, which are presumed to lie at the same positions observed in the crystal structure of the free
domain. [Two of the three Ca ions shown for Syt-IA were modeled into the crystal structure using the homologoussPt€s as a

guide @9).] The indicated orientation approximates the view from the membrane as the loops approach for docking. (C) Models for the C2
domain-membrane interaction, ranging from specific contacts between the bodhib@s or the protein surface and phospholipid headgroups

(left panels) to nonspecific electrostatic or hydrophobic interactions between the @atein complex and the membrane (right panels).

Each type of interaction could be regulated by Chinding, either directly by the presence of bound*Cans or indirectly by a C&-

induced conformational change.

receptors, kinases, GTPases, and regulatory lipids. There ar¢argetting and fusion proteins; (iv) GTPase-activating pro-
six known functional families of proteins containing C2 teins; (v) ubiquitination enzymes that target membrane
domains: (i) kinases that phosphorylate membrane proteinproteins for degradation; and (vi) proteins that form trans-
targets; (ii) phospholipid-modifying enzymes that generate membrane pore®{11). Whereas prototypical C2 domains

or inactivate lipid-derived second messengers; (iii) vesicle bind C&" and dock to phospholipid membranes, other C2
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domains dock to membrane protein targets or fail to exhibit described30). Protein concentrations were determined using
Ca&" regulation 9—11), suggesting a broad range of the tyrosinate method().

functional specialization in the C2 domain superfamily. Even  Fluorescence Spectroscopy of Equilibrium Processes.
prototypical C2 domains have been hypothesized to employ Fluorescence spectroscopy was carried out as descB0gd (
different mechanisms of membrane dockiiGg)( on an SLM 48000S fluorescence spectrometer at@5n

To elucidate the conserved and specialized features ofstandard assay buffer composed of 100 mM KCl, 20
prototypical C2 domains, it is essential to directly compare MM N-(2-hydroxyethyl)piperaziné¢-2-ethanesulfonic acid
the equilibrium and kinetic parameters of C2 domains (HEPES), pH 7.4, and 5 mM dithiothreitol (DTT). Excitation
isolated from functionally distinct signaling proteins. Figure and emission slit widths were 4 and 8 nm, respectively.
1A illustrates the conservegisandwich architectures of three  Because of differences in the quantum yields of the C2
representative C2 domains of known struct.28, (29, 43 domains, the concentrations of the domains necessary to
selected for the present study due to their importance s Ca achieve similar fluorescence Signals varied, ranging from 0.1
sensors in different pathways and cellular environments. (i) ©0 1.0 «uM. Where necessary, fluorescence signals were
The C2A domain of synaptotagmin-I (Syt-IAs one of the corrected for inner filter effects as describe&d)(

Cat sensors responsible for triggering synaptic vesicle fusion ~ Fluorescence resonance energy transfer (FRET) was
and neurotransmitter release at neuronal synapi$esls). employed to measure the Cadependence of membrane
(i) The C2 domain of protein kinase C (PKg)-helps drive docking as describe@®(). C2 domain was mixed with target
the C&"-activated docking of this anionic lipid-dependent Vesicles of PSPC-dPE (mole percent 47.5%:47.5%:5%;
Ser/Thr kinase to the plasma membrane during regulation2504M total phospholipid), and PEJPE or PS-dPE (95%:

of numerous pathwaysl6—18). (i) The C2 domain of ~ 5%; 100uM phospholipid). The C&-dependent change in
cytosolic phospholipase AcPLAx-) binds C&* and targets ~ the protein-to-membrane FRETAE) was subjected to
this protein primarily to nuclear and reticular membranes nonlinear, least-squares analysis using a modified Hill
(19—-23), where its enzymatic domain hydrolytically releases €quation:

arachidonic acid to initiate the inflammatory response W
blocked by aspirin and ibuprofir2d—26). Previous equi- AF=AF ol ——7 @)
librium and kinetic studies of these C2 domains have (Caly)" +x

provided much useful information, but have utilized different .
whereAFnax represents the calculated maximal fluorescence

buffer, ionic, pH, and temperature conditions, contrasting h i< the f CH trati ts th
membrane compositions, and in some cases docking site"1angex Is the iree concentrationH represents the

mutations to incorporate spectroscopic prob&s, 47, 61, Hill coeffi(_:ient, a_nd [C&' ]2 represents the free €a

64). Such variations prevent quantitative comparisons of C2 concentration that mducgs half-maximal quorescenc_e change.
domain activation parameters and mechanisms. The presen F values were normallz_ed BFmax to allow comparisons.
comparison indicates that these three C2 domains differ in. or th? cPLA-a C2 domamAFmaxvalues from expenments
their C&" affinity, kinetics, and stoichiometry, as well as in involving PC-dPE ves_|cles_ were used to normaliad-
membrane affinity, kinetics, and headgroup selectivity. These values from PSdPE. Likewise, fpr the P.K(B a_nd SYtIA
results suggest that C2 domains are functionally specializeddomamsAFmaxvalues from experiments involving PEIPE

modules adapted in different cellular contexts to respond to were used for PGQPE_. Fluoresce_nce experiments .SUCh as
distinct C&" signals. these do not quantitatively determine the Hill coefficient for

Ca&*-triggered binding, since the individual binding events

MATERIALS AND METHODS in a multistep reaction may yield different microscopic
fluorescence changes. Although the Hill coefficient is
ReagentsThe lipids used were: 1-palmitoyl-2-oleogi+ guantitatively related to the number of bound ligands only

glycero-3-phosphocholine (phosphatidylcholine, PC) and in a cooperative system of identical sit&®2), for proteins
1-palmitoyl-2-oleoylsnglycero-3-phosphoserine (phosphatid- that bind two C&" ions, observed Hill coefficients that
ylserine, PS), both from Avanti Polar Lipids, arid(5- exceed 1.4 in fluorescence experiments provide strong
dimethylaminonaphthalene-1-sulfonyl)-1,2-dihexadecanoyl- evidence for positive cooperativity3®).
snglycero-3-phosphoethanolamine (dansyl-PE, dPE) from Phospholipid titrations were carried out using-H&C—
Molecular Probes. Small unilamellar phospholipid vesicles dPE vesicles (47.5%:47.5%:5%) in the presence of 1 mM
were prepared by sonication. Solutions and plasticware wereexcess CH over ethylenediaminetetraacetic acid (EDTA)
decalcified as describe@7). in standard buffer as describe80f. The C&"-dependent
Purification of C2 DomainsC2 domains of Syt-IA and ~ change in the protein-to-membrane FREAF| was analyzed
PKC3 were expressed as glutathioBdransferase (GST)  Uusing an equation describing the binding to a single popula-
fusion proteins and purified away from GST after cleavage tion of independent sites:
with thrombin as described28, 29. The cPLA-a C2 X
domain was affinity-purified from refolded protein as AF = AFmax(KD ¥ ) 2)

X

1 Abbreviations: cPLA-a, cytosolic phospholipase Ar; PKC3, where x is the concentration of phospholipid arih _
protein kinase G3; Syt-l, synaptotagmin-I; PC, phosphatidylcholine; ~represents the apparent membrane dissociation constant in
PS, phosphatidylserine; dansyl-PiE(5-dimethylaminonaphthalene-  the presence of 1 mM free €&a

1-sulfonyl)-1,2-dihexadecanogfglycero-3-phosphoethanolamine; GST, Intrinsic tryptophan fluorescence was monitored in stan-
glutathioneStransferase; FRET, fluorescence resonance energy transfer;

DTT, dithiothreitol; HEPESN-(2-hydroxyethyl)piperazing¢-2-ethane-  dard assay buffer as described0). Emission spectra were
sulfonic acid; EDTA, ethylenediaminetetraacetic acid. recorded from 300 to 400 nm. The €alependence of the



3092 Biochemistry, Vol. 40, No. 10, 2001 Nalefski et al.

intrinsic fluorescence change was measured by recording theC2 domain (4uM), Ca2" (100 uM), and PS-PC vesicles
emission at the fluorescence maximum (325 nm for cRPeA  (50%:50%; 25Q:M) with an equal volume of the fluorescent
and 340 nm for PK@3), and fluorescence changes were Ca&" chelator Quin-2 (20Q:M). Vesicles were omitted in
analyzed by eq 1. When present,-H3C vesicles (50%:50%;  experiments designed to measuré‘Qalease from the free
250 uM phospholipid) were used. C2 domain. The Quin-2 fluorescence signal monitored the
The effect of ionic strength on membrane docking was irreversible release of €& ions from the C2 domain.
tested by incubating C2 domains with PBC—dPE vesicles Omission of the C2 domain eliminated the Quin-2 fluores-
(47.5%:47.5%:5%; 10@M phospholipid) in standard assay cence increase observed after mixing (data not shown).
buffer lacking KCI but containing 1 mM EDTA. All Stoichiometry was determined at pH 7.0 by comparing
subsequent fluorescence changes were corrected for anyluorescence amplitudes (see below) to a standard c86ye (
small direct effect of NaCl, G4, and EDTA on vesicle  Atthis pH, all three C2 domains tested were fully membrane-
fluorescence. After recording the initial dPE emissiég)( bound at 10Q«M C&?* (data not shown), which was not the
1 mM excess Cd was added, and dPE emissidfc4>:) case at pH 7.4 (see Figure 2).
was recorded. lonic strength was increased by reciprocal The fluorescence signalB(t), were analyzed using both
dilution with a like sample prepared in a high concentration mono- and biexponential equations:
of NaCl; dPE emission was recorde#ifc) after each

increase in NaCl. Finally, excess EDTA was added, and dPE Ft)=AF1l—-e"+C 3)
emission was recordedFépra). Assuming that the C2
domain-membrane ternary complex is formed from a simple F(t) = AF,(1 — e_klt) + AF,(1— e_kzt) +C (4

bimolecular interaction between the Taccupied C2
domain and an excess of phospholipid, then the apparentwherek, k;, andk, are rate constantdF, AF;, andAF, are
membrane dissociation consta] equals the product of  the fluorescence amplitudes, afdis the intrinsic voltage
the total lipid concentration and the ratio of free to bound offset of the stopped-flow experimeifi(t) values in all time
C2 domain 84). The concentrations of free and bound C2 courses were normalized tdF to allow comparison.
domain were approximated by the differen€ggz — Fnaci
and Fnaci — Fo, respectively, to calculat&p at each RESULTS
concentration of NaCl. Slopes of log [NaCl] plotted against
log Kp were determined by linear regression to estimate the  The isolated Syt-IA, PKG3, and cPLA-a. C2 domains
minimal number of electrostatic interactions involved in the were expressed i&. coliand purified to homogeneity. Use
domain-membrane complex based on polyelectrolyte theory of the isolated domains prevented interference by othér-Ca
(35). or membrane-binding motifs present in the full-length
The ability of NaSO, to promote membrane docking was proteins, thereby facilitating comparison of the intrinsic C2
carried out essentially as befo@6]. C2 domains were added domain C&™-activation and membrane docking parameters.
to vesicles of PSPC-dPE (47.5%:47.5%:5%; 100M Moreover, each of the isolated domains has been shown by
phospholipid) in standard buffer containing 1.9 M, N@&, crystallographic and NMR studies to be monomeg8, (29,
and 5 mM EDTA. The resulting FRET signal was compared 38—45), obviating the artifactual interdomain cooperativity
to the FRET signal arising from membrane docking induced that could arise in membrane docking experiments involving
by C&" in the absence of N§O. domains coupled either to multiple sites on affinity beads
Stopped-Flow Fluorescence Spectroscdpippped flow or to the dimer-forming GST fusion partnetg, 47. To
was carried out essentially as describ@@) (n standard assay facilitate quantitative comparison of the isolated domains,
buffer at 25°C on an Applied Photophysics model 17MV  all experiments were carried out at 26 in 100 mM KClI,
stopped-flow apparatus. The dead-time of the instrument was20 mM HEPES, pH 7.4, 5 mM DTT unless otherwise noted.
determined to be 1.5 ms using a control reaction as describedVlembranes contained an equimolar mixture of the two

(37). predominant physiological lipids, phosphatidylcholine (PC)
The membrane docking reaction was triggered by stopped-and phosphatidylserine (PS), unless otherwise noted.
flow mixing a solution containing C2 domain (6-2 uM, Equilibrium C&* Dependence of Membrane Dockifidne

all concentrations prior to mixing), vesicles of PBC-dPE C&" dependence of membrane docking by these C2 domains
(47.5%:47.5%:5%; 500M phospholipid), and trace amounts was measured using fluorescence resonance energy transfer
of EDTA (2 uM) with an equal volume of Cd (400 uM). (FRET) (Figure 2). This assay detects the transfer of energy
The resulting protein-to-membrane FRET time course revealsfrom intrinsic tryptophan donors in the C2 domain to trace
the approach to equilibrium of the docking reaction. Omis- amounts of the acceptor dansyl-phosphatidylethanolamine
sion of either the C2 domain or €aeliminated the observed (dPE), incorporated into synthetic phospholipid vesicles
FRET increase upon mixing (data not shown). The dissocia- composed of phosphatidylcholine (PC) and phosphatid-
tion reaction was triggered by stopped-flow mixing a solution ylserine (PS), upon formation of the domamembrane

of C2 domain (8 uM), Ca&" (100 uM), and vesicles of ~ complex. Nonlinear least-squares analysis of the data using
PS-PC—dPE (47.5%:47.5%:5%; 250M) with an equal the Hill equation (eq 1) yielded the [€4;/, values and Hill
volume of EDTA (5 mM). The resulting protein-to- coefficients H) summarized in Table 1. These data allow
membrane FRET time course reveals the irreversible dis-the first direct comparison of equilibrium €asensitivities
sociation of C2 domains from membranes. Omission of either for the docking of monovalent C2 domains to membranes
the C2 domain or Cd eliminated the observed FRET under identical conditions. In the presence of 240 total
decrease upon mixing (data not shown). Alternatively, the phospholipid (mole percent 47.5% PC, 47.5% PS, 5% dPE),
dissociation reaction was initiated by stopped-flow mixing the apparent Hill coefficients all significantly exceeded 1.4,
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Table 1: Equilibrium Parameters of €aand Membrane Binding to C2 Domains

Ca* dependence of membrane binding intrinsi¢Cainding membrane binding
protein-to-membrane FRET intrinsic fluorescence intrinsic fluorescence protein-to-membrane FRET
C2 domain [CéJr] 12 (,MM) H [Ca2+] 12 (,MM) H [Caz*] 112 (/,tM) H Kp (/AM)
CPLA>a 47+0.8 1.7+ 0.2 4.1+0.3 1.8+ 0.1 14+ 2 1.7+0.2 24+ 7
PKCH 16+ 4 1.6+0.1 10+ 3 2.0+0.2 39+ 2 1.6+0.1 34+1.0
Syt-1A 484+ 12 2.0+ 0.2 ND ND ND ND 19+ 6

aResults represent the averageSEM) of 3—4 independent steady-state fluorescence experiments]jGandH represent the best-fit midpoint
and apparent Hill coefficient for Catitrations (eq 1)Kp is the best-fit apparent dissociation constant for phospholipid binding to a population of
independent binding sites (eq 2). Experimental conditions:°@5100 mM KCI, 20 mM HEPES, pH 7.4, 5 mM DTT. ND, not determined.
b Determined in the presence of PBC—dPE vesicles (47.5%:47.5%:5%; 2a0 phospholipid), as in Figure 2.Determined in the presence of
PS-PC vesicles (50%:50%; 250M phospholipid), as in Figure 4.Determined in the absence of vesicles, as in FigureDetermined in the
presence of 1 mM free Gausing PS-PC—dPE vesicles (47.5%:47.5%:5%), as in Figure 5.

(relative)

Protein to membrane FRET

0.1 1

100 1000

10
[Ca® "] (M)
FiGURE 2: Ca&" threshold for membrane docking by C2 domains.
Ca*" was titrated into solutions containing the cPka (filled
circles), PKCB (open circles), and Syt-IA (open squares) C2
domains and synthetic vesicles composed of P6—dPE (47.5%:
47.5%:5%). Membrane docking was measured by monitoring
protein-to-membrane FRET. Solid lines indicate the best-fit of the
resulting normalized FRET signals to the modified Hill equation
(eq 1). Experimental conditions: 2%; 100 mM KCI, 20 mM
HEPES, pH 7.4, 5 mM DTT, and 250M phospholipid. Results
are summarized in Table 1.

indicating that membrane docking is triggered by the binding
of multiple C&*" ions with positive cooperativity (see
Materials and Methods). The [€3;/; values for membrane
docking varied 10-fold, ranging from 4.ZM for the
cPLA-o. C2 domain to 1&«M for PKC-3 and 48uM for
Syt-IA C2 domains. For the cPLAx and PKCg C2
domains, we obtained similar [€3;,, values (4.1 and 10
uM, respectively) in separate experiments monitoring dock-
ing-induced changes to intrinsic Trp fluorescence, confirming

the FRET results and indicating the dPE acceptor used in
the FRET assay was nonperturbing (Figures 3 and 4; Table

1). Thus, the membrane-docking equilibrium of the ciHoA
C2 domain is 3-fold more sensitive to €ahan that of the
PKC-5 domain and is 10-fold more sensitive than that of
the Syt-IA domain.

Assuming that a given C2 domain rapidly binds multiple
C&" ions before docking to the membrane surface (this
assumption is justified below), €atriggered membrane
docking may be depicted by a two-step mechanism:

Scheme 1
Step I: C2+ nCa==C2-Cg,
Step Il: C2Cq, + PL=C2:Ca-PL

wheren represents the €a stoichiometry, PL represents

phospholipid membrane, and @2,-PL represents the C2
domain—-membrane ternary complex. Thermodynamic prin-
ciples require that an observed fCh,, value for assembly
of the ternary complex depends on both (i) the intrinsié¢'Ca
affinity of the free C2 domain (Step I) and (ii) the membrane
affinity of the C&"-occupied domain (Step Il). To decon-
volute these factors, the intrinsic €aand membrane
affinities were determined, allowing the first quantitative
comparison of such parameters for native C2 domains.

Equilibrium Binding of C&" to the Free C2 DomairCa**
binding to free C2 domains was measured by monitoring
Ca*-induced changes in the intrinsic tryptophan fluores-
cence, since tryptophan emission has been used to detect
environmental changes in the cPi4& C2 domain that are
directly coupled to C& binding @0, 48, 49. The emission
spectrum of the cPLAo C2 domain was characterized by
a blue-shifted emission maximumg(x ~ 325 nm) arising
from its sole buried tryptophan, Tfp(Figure 3A). C&"
binding to the free cPLAo. C2 domain increased its
fluorescence emission intensity by approximately 15%. By
contrast, the emission spectrum of the PK@2 domain
was red-shiftedAmax ~ 340 nm), suggesting that emission
from its three solvent-exposed tryptophans, 2f3pTrp?+’,
and Tr@”4 dominates over that from the one buried tryp-
tophan, Trg?3, which occupies the position corresponding
to Trp’*in the cPLA-a C2 domain (Figure 3B). Neverthe-
less, Ca' binding to the free PK@ C2 domain also affected
its fluorescence emission, increasing its intensity by ap-
proximately 30% and causing a slight blue shift. The
fluorescence emission spectrum of the Syt-IA domain was
also characterized by a red-shifted maximutpaf ~ 340
nm) due to the presence of its sole, solvent-exposed
tryptophan, Trg*® (Figure 3C). In agreement with a previous
study 60), its intrinsic fluorescence was insensitive to ligand
binding.

The C&" dependences of these fluorescence increases
were measured in order to directly compare the intrinsit Ca
affinities of the cPLA-o and PKCp C2 domains (Figure
4). The resulting [C& ]y, values (Table 1) indicate that the
free cPLA-a C2 domain cooperatively binds &awith
higher affinity ((C&*]1, = 14 uM) than the PKC3 domain
([C&*]12 = 39 uM), where each of these [€d,,, values
represents an average affinity for the binding of multiplé'Ca
ions. For comparison, NMR and optical measurements have
shown that the free Syt-IA C2 domain binds ?Cawith
multiple apparent dissociation constants ranging fromI@0
to >1 mM (38, 40, 41, 4). Thus, both the free cPLAx
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Ficure 3: Intrinsic fluorescence changes in C2 domains induced By Biading and membrane docking. Fluorescence emission spectra

of the cPLA-a (A), PKC-5 (B), and Syt-IA (C) C2 domains were recorded in the absence (open symbols) or presence (closed symbols)
of PS-PC vesicles (50%:50%, 25M phospholipid). Buffer-subtracted emission spectra were recorded before (squares) or after (circles)
addition of 1 mM excess Ca. Maximum emission intensities were normalized to unity prior t6"Galdition: for clarity, spectra recorded

in the presence of PSPC vesicles prior to Ca addition were omitted. Subsequent addition of excess EDTA returned fluorescence signals
back to that prior to Ca addition (not shown). Experimental conditions: 25; 100 mM KCI, 20 mM HEPES, pH 7.4, 5 mM DTT, and

1 mM EDTA.

and PKCf C2 domains bind C4 with considerably higher  complex, multistep approach to equilibrium involving the
affinity than the free Syt-IA domain. binding of multiple C&" ions and docking to the membrane
Equilibrium Docking of the C&-Occupied C2 Domain  surface. The resulting time courses exhibited simple, mono-
to MembranesThe membrane affinity of each €aoccupied exponential behavior (Figure 6, eq 3). Such simple behavior
C2 domain was measured by the FRET assay (Figure 5),for a multistep approach to equilibrium is consistent with
yielding the apparent phospholipid dissociation constants the existence of a reversible, rate-determining step that
(Kp) in the presence of 1 mM Ca (Table 1). These&Kp controls the kinetics of ternary complex formation and
values varied approximately 7-fold, ranging from 3.M dissociation. Nonlinear best-fit analysis yielded the apparent,
for PKC+ to 24 and 1uM for the cPLA-o. and Syt-IA pseudo-first-order rate constants of ternary complex forma-
C2 domains, respectively. Therefore, the greate™Ca tion (kpm) Summarized in Table 2. These data allow the first
sensitivity of the cPLA-a C2 domain relative to PK@-in quantitative comparison of rate constants for the reactions
membrane docking is due to the higher intrinsic affinity of of native C2 domains with membranes. In the presence of
the free cPLA-o. C2 domain for C&", whereas the lesser Ca&" (200 uM) and phospholipid (25@M; mole percent
Cat sensitivity of the Syt-IA domain is due to a combination 47.5% PS, 47.5% PC, 5% dPE), equilibration of ternary
of both its reduced intrinsic Ca affinity and its lower complex formation was slowest for cPLA, intermediate
affinity for phospholipid membranes. The latter findings are for PKC+3, and fastest for the Syt-IA domain. Different
surprising, especially given the similar structures, headgrouprelative rates (PK@ < cPLAx-o. < Syt-IA) were reported
selectivities, and docking mechanisms exhibited by the in an independent study where membrane binding was
PKCy and Syt-IA membrane docking loops (see below). monitored by tryptophan emissiod®), which also detects
Kinetics of C&" Binding and Membrane Docking.he the rapid binding of CH to the free cPLA-a C2 domain
kinetics of the C&-triggered membrane docking reaction and thus may artifactually increase the apparent rate of
were analyzed in vitro by stopped-flow fluorescence spec- ternary complex formatior8Q). Our results indicate that the
troscopy. To probe the kinetics of ternary complex formation, apparent time constants for ternary complex formatig{
Ca&* was mixed with a solution of C2 domain and phos- = 1/kiom) varied nearly 10-fold, ranging from 4.3 ms for
pholipid vesicles while monitoring membrane docking via Syt-IA and 5.6 ms for PK@3 to 38 ms for the cPLA«
protein-to-membrane FRET. This experiment measures adomain. Notably, at physiological €aconcentrations, the
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1.25 FiIGUREG: Kinetics of C2 domain activation. €atriggered docking
° . PKC-B B of C2 domains to membranes was initiated by stopped-flow mixing
e 1.00- a solution containing the indicated C2 domain, #8—dPE
3 . vesicles (47.5%:47.5%:5%; 50@M phospholipid), and trace
@~ 075 amounts of EDTA (2«M) with an equal volume of Ga (400uM).
3."2’ . Membrane docking was measured by monitoring protein-to-
3% 0.50 (+) Vesicles (-) Vesicles membrane FRET. Solid lines represent the best-fit of the resulting
-2 . normalized FRET signals to a monoexponential equation (eq 3).
.550.25— Omission of either the C2 domain or €zeliminated the observed
£ . FRET increase upon mixing (data not shown). Experimental
.E 0.00— conditions: 25°C; 100 mM KCI, 20 mM HEPES, pH 7.4, and 5
- . mM DTT. Results are summarized in Table 2.
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o b 10 100 1000 for each of the reversible steps in the binding of multiple

[Ca?*] (uM) C&*" ions and membrane docking1). Two kinetic observa-

Ficure 4: Intrinsic and apparent €aaffinities of cPLA-a and tions Stro_ngly_s_uggest that th'.s complicated multlstep_ react_lon
PKC8 C2 domains. CH was titrated into solutions containing ~Can be simplified to a reversible, two-step scheme in which
the cPLA-o (A) and PKC# (B) C2 domains in the absence (open  a rapid Ca*-binding equilibrium is coupled to a slow, rate-
symbols) or presence (filled symbols) of PBC vesicles (50%:  determining membrane docking equilibrium (Schemes1).(
50%; 250uM phospholipid). Intrinsic tryptophan emission was  First, the rate constant of €adissociation for each free C2

recorded at the emissiohnay Solid lines indicate the best-fit of . .
the resulting normalized fluorescence signals to the modified Hill domain is considerably larger than the apparent rate constants

equation (eq 1). Experimental conditions: 25; 100 mM KCl, of ternary complex assembly and disassembly (see below),

20 mM HEPES, pH 7.4, and 5 mM DTT. Results are summarized indicating that C& binding to the free C2 domain achieves

in Table 1. equilibrium on a much shorter time scale than membrane
105 docking. Seconds.m for formation of the ternary complex

{ —#—CcPLA -« varies hyperbolically with the concentration of 2t’ia_at a
1004 _ PKC-B flxgd, saturatmg concentration o]‘ phospholipid _vgsmles but
. varies linearly with the concentration of phospholipid vesicles

—0—Syt-lA at a fixed, saturating concentration of gNalefski and
Falke, unpublished; also see rdfrj]. Such results indicate
that C&" occupancy precedes the membrane association
event detected by protein-to-membrane FRET, as depicted
in Scheme 1.

Kinetics of Membrane Dissociation and €&eleaseTo
probe the kinetics of ternary complex dissociation after a

0.00—

-0.25
0.1 10 100 1000 Ca&" signal ends, a rapidly decaying Tasignal was

b
[Phospholipid] (uM) simulated in vitro by stopped-flow mixing EDTA with the
FIGURE 5. Apparent membrane-binding affinities of C2 domains. Ppreformed ternary complex consisting ofCamembrane,
Vesicles of PSPC-dPE (47.5%:47.5%:5%) were titrated into and C2 domain. The experiment follows the loss of protein-
solutions containing the cPlAu (filled circles), PKCA (open to-membrane FRET as the C2 domain is released from the

circles), and Syt-A (open squares) C2 domains and 1 mM free oo hrane surface. This reaction is essentially irreversible,
Ca&". Membrane docking was measured by monitoring protein-to-

membrane FRET. Solid lines indicate the best-fit of the resulting SiNc€ EDTA rapidly binds free Ca within the dead-time
normalized FRET signals to a single, independent-site equation (eqof the instrument{1.5 ms) and thereby prevents re-docking
2). Experimental conditions: 2%; 100 mM KCI, 20 mM HEPES, of the released apo protein. Overall, the reaction provides
pH 7.4, 5 mM DTT, 2 mM CaGl and 1 mM EDTA. Results are  the first quantitative comparison of rate constants for the
summarized in Table 1. dissociation of native C2 domains from membranes. The time
membrane docking equilibrium is reached considerably more courses observed for the Syt-IA and Pi8Qiomains were
quickly for the Syt-IA and PKG3 C2 domains than for the  monoexponential (Figure 7A, eq 3), indicating the existence
cPLA,-o. domain. of a rate-determining step during the multistep disassembly

In principle, because the reaction is an approach to of the ternary complex. It is not yet clear whether this rate-
equilibrium, the observed kinetics of ternary complex forma- determining step is the release of?Cé&rom the membrane-
tion depend on the association and dissociation rate constant®ound ternary complex, or the release of thé'Gaccupied

Protein to membrane FRET
(relative)
o o o
N [4)] ~
(9] (3 [3;]
L1 a1
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Table 2: Kinetic Parameters of C2 Domain Activation and Deactivation Time Cdurses

membrane dissociatién Ca* dissociatiof

membrane associatidn Kaiss (S7) Kaiss (57%)

C2 domain Kiorm (S71) (n) Kaiss1(S™)  Kaiss2(S™Y) (n) Kaiss1(S™)  Kaiss2(S™) (n) stoichiometry (mol/moP  (n)
cPLAa 26+ 1 (6) 14+1 25+01 (10) 2448 2.9+04  (9) 2.0£0.2 (5)
PKCH 180+ 10 (6) 132+ 1 (12) 67+3 (10) 3.0£0.1 (10)
Syt-IA 230+ 20 @) 520+ 20 (12) 590+ 30 (11) 3.1+0.3 (9)

@ Results represent the averageSEM) of the indicatedh independent stopped-flow fluorescence experiments. Experimental conditio€; 25
100 mM KCI, 20 mM HEPES, pH 7.4, 5 mM DTP.The observed rate constant for equilibration of the membrane association reaction, initiated
by rapidly mixing a solution of C2 domain and PBC—dPE vesicles (47.5%:47.5%:5%, 26M phospholipid final) with a solution of C& (200
uM final), as in Figure 6. The resulting time course was best fit by a monoexponential equation (eq 3) toyiedd defined in the text The
rate constant for C2 domain dissociation from membranes, measured by mixing a solution of C2 doftaiap@ahospholipid vesicles (PS

PC—dPE, 47.5%:47.5%:5%) with a solution of EDTA, as in Figure 7A. The dissociation rate conkfasiand kgiss2 were determined by best
fitting the data with a biexponential equation (eq 4) representing a two-step mechanism-(CRirA monoexponential equation (eq 3) representing
a one-step mechanism (PK&-Syt-1A). ¢ The rate constant for €adissociation from the membrane-bound domain, measured by rapidly mixing
a solution of C2 domain, C&, and phospholipid vesicles (P®C, 50%:50%) with a solution of the fluorescenfCahelator Quin-2, as in Figure
7B. The dissociation rate constats; andkgiss;were extracted as in the previous footn6t€a" stoichiometry (mol of C& bound/mol of C2

domain) was determined at pH 7.0.

C2 domain from the membrane. To acknowledge this
ambiguity, the dissociation reaction is written as a single
kinetically resolvable step:

Scheme 2A

C2-Ca-PL-2% C2+ nCa+ PL

wherekgiss is the measured first-order rate constant. Mem-
brane dissociation was most rapid for the Syt-IA C2 domain
(kaiss= 520 s'!) and was considerably slower for the PKIC-
domain kgss = 132 s!) (Table 2). In contrast to the
monoexponential kinetics observed for the Syt-lIA and BKC-
domains (Figure 7A), the time course for the cRteA
domain was optimally fit with a biexponential equation (eq
4) as we have shown previousi§Q). These more complex
kinetics imply a two-step reaction involving: (i) dissociation
of the first C&" ion from the domain, which perturbs the
intrinsic tryptophan of the membrane-bound domadin:d

= 14 s'%; see below); and (ii) dissociation of the domain
from the membrane concomitantly with the loss of FRET
and dissociation of the second €don (Kyissz = 2.5 s9).
The resulting sequential two-step process is depicted by

Scheme 2B

C2-CarPL-22 C2.CaPL + Ca—2% C2+ 2Ca+ PL

Thus, during the slow decay of the cPiA ternary complex,
one of the C#&' ions dissociates before the domain is released
from the membrane. Overall, the results indicate that the
effective lifetimes of the membrane-bound state following
removal of free C& vary considerably, ranging from 1.9
and 7.6 ms for the Syt-lA and PKE@-C2 domains,
respectively, to 400 ms for the cPLA domain. Since this

experiment measures the average time for dissociation of

the domain from the membrane after removal of thé*Ca

signal, it measures the duration that the C2 domain “remem-

bers” the C&' signal. Thus, the duration of €amemories
for C2 domains from different signaling proteins varies over
several hundred milliseconds: the Syt-IA and PRGG2
domains have considerably shorteCmemories than the
cPLA,-o. domain.

The time course of Ca release from C2 domains was
measured in order to determine the number offGans in

the domair-membrane ternary complex and the degree to
which their release is correlated with disassembly of the
complex. Recent evidence suggests that the"-Gmding
loops of the C2 domain directly contact the membrane
surface 42, 44, 45, 47, 49, 50, 52, ®7As a result, bound
C&" ions could become trapped within the protein
membrane interface until the ternary complex dissociates
(30). To monitor C&" release from the free or membrane-
bound C2 domain, the fluorescent®ahelator Quin-2 was
mixed by stopped flow with the Ca-occupied C2 domain;
then the appearance of free’Cavas detected as an increase
of the Quin-2 fluorescence (Figure 7B). Quin-2 binds free
C&* within the instrument dead-tim&®) and does not add

a lag time to the kinetics. The number oféons released
per domain was determined by comparing the fluorescence
signal to a standard curve. While the dissociation of tw& Ca
ions from the free cPLAo C2 domain is slow enough to
be quantified k= 110 s'%, ref (30)], the dissociation of Ca
from the free C2 domains of Sytl-A and PK(is too rapid

to be measured by stopped-flol ¥ 700 s?) (data not
shown). By contrast, Ca release from all three premade
C2 domair-membrane complexes was readily detected,
thereby enabling the first measurement of Cstoichiom-
etries for membrane-bound Sytl-A and PKGZ2 domains,
and of their rate constants for €arelease. Two Ca ions
were released from the cPLA ternary complex, whereas
three ions were released from the PIECand Syt-IA
complexes (Table 2). In each case, there was relatively close
agreement between the rate constants for the releasebf Ca
and dissociation of C2 domains from membranes (Table 2),
indicating that membrane dissociation is kinetically linked
to Ca&" dissociation. Since Ca dissociation from each
ternary complex is at least 1 order of magnitude slower than
dissociation from the corresponding free C2 domain, these
findings support the proposal that the membrane surface
occludes the CGa-binding sites in all three ternary com-
plexes.

Mechanism of C&-Triggered Membrane Dockingiven
that the three C2 domains exhibit significantly differengCa
thresholds for membrane docking, different kinetics of
membrane association and dissociation, and differeAt Ca
stoichiometries, it is possible that the fundamental forces used
by these domains to bind membranes could differ as well.
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Ficure 7: Kinetics of C2 domain inactivation. (A) C2 domain

dissociation from membranes triggered by?Caemoval was  \yas titrated into solutions containing the cPxa (filled circles),
initiated by stopped-flow mixing a solution containing the indicated PKC-3 (open circles), and Syt-IA (open squares) C2 domains and
C2 domain, C& (100uM), and PS-PC-dPE vesicles (47.5%:  vesicles of PE&-dPE (95%:5%) in (A) or PSAPE (95%:5%) in
47.5%:5%; 25QuM phospholipid) with an equal volume of EDTA  (B)  Membrane docking was measured by protein-to-membrane
(5 mM). Membrane docking was measured by monitoring protein- ERET. Solid lines represent the best-fit of the resulting normalized

to-membrane FRET. Solid lines represent the best-fit of the resulting pReT signals to the modified Hill equation (eq 1) where applicable.
]?O”t‘;a“zpe}?c';RETd Ss'gft‘al": 30 a monoengF‘e“t'a' ectl_u"lﬂ'on (f_q 3) Experimental conditions: 25C; 100 mM KCI, 20 mM HEPES,

or the and Syt-IA domains or a biexponential equation ,'7 4 5 mM DTT, and 100M phospholipid.

(eq 4) for the cPLA-a. domain. Omission of either the C2 domain P @M phospholip

or C&" eliminated the observed FRET decrease upon mixing (data .

not shown). (B) C#& release from C2 domairmembrane com-  studies on the PK@ (55) and Syt-IA 67, 59, 60 C2
plexes triggered by G4 removal was initiated by stopped-flow domains. By contrast, the cPLA C2 domain failed to dock
mixing a solution containing the indicated C2 domaimn#), Ce?* to these anionic membranes [data not shown and3®f.(
(1004M), and PS-PC vesicles (50%:50%; 23M phospholipid)  The effect of ionic strength on membrane docking by these

with an equal volume of the fluorescentahelator Quin-2 (200 . . .
uM). The release of G4 ions was measured by monitoring the C2 domains was tested to determine the importance of

increase in Quin-2 fluorescence emission. Solid lines represent the€lectrostatic interaction$, 57, 6). Ca*-dependent dock-
best-fit of the resulting normalized Quin-2 signal to a monoexpo- ing of the PKCS and Syt-IA domains, but not the cPLAx
nential equation (eq 3) for the PK€and Syt-IA C2 domains or  domain, to membranes containing a-FSC mixture was

a biexponential equation (eq 4) for the cPEé domain. Omission  nnipited by increasing ionic strength (Figure 9). Furthermore,

of the C2 domain eliminated the observed Quin-2 fluorescence . . o
increase after mixing (data not shown). UnlikSZCaelease from whereKp again represents the apparent dissociation constant

the free cPLA-o. C2 domain, C& release from the free PK@-  for phospholipid binding (see Materials and Methods), plots
and Syt-lIA domains was too rapid to be observed in the absenceof log Kp vs log [NaCl] for PKC$ and Syt-I1A were linear
of membranes (data not shown). Experimental conditions?C@5 between 150 and 700 mM NaCl (data not shown). The
100 mM KCI, 20 mM HEPES, pH 7.4, and 5 mM DTT. Results  aqlting slopes allow calculation of the effective number
are summarized in Table 2. . - g

of charges involved3b) and indicate a minimum of three
A recent study hypothesized that different C2 domains may to four ionic interactions between the PK&and Syt-1A C2
utilize contrasting mechanisms of membrane docksd.( domains and the anionic lipid surface.
To further test this idea, the phospholipid headgroup The ability of NaSO, to induce membrane docking was
selectivities of the cPLAw, PKC, and Syt-IA C2 domains  determined in order to directly test the importance of
were probed in the FRET assay by replacing the equimolar hydrophobic interactions in membrane docking..8@,,
PS-PC mixture in vesicles with pure PS or PC (Figure which strengthens hydrophobic interactioB§)( promoted
8A,B). C&" binding triggered the docking of both the PKEC-  Ca&'-independent docking of the cPLA C2 domain, but
and Syt-IA C2 domains to anionic PS but not zwitterionic not the PKCS and Syt-IA domains, to PSPC vesicles
PC, whereas the cPLAx C2 domain docked to PC but not (Figure 10). These results support the hypothesis that
PS. Similarly, the PKG3 and Syt-lIA C2 domains exhibited = membrane docking by the cPLA C2 domain is stabilized
Cat-triggered docking to other anionic phospholipids, mainly through hydrophobic interactions with the membrane,
including phosphatidylglycerol, phosphatidic acid, and phos- whereas the docking of the Syt-IA or PKEC2 domain is
phatidylinositol (data not shown), in agreement with previous stabilized primarily by electrostatic interactions between

Ficure 8: Phospholipid headgroup selectivity of C2 domaingCa
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FicurRe 9: Role of electrostatic interactions in membrane docking
by C2 domains. 1 mM free Gawas added to solutions containing
the cPLA-a (filled circles), PKCS (open circles), and Syt-IA (open
squares) C2 domains and vesicles ofPE€—dPE (47.5%:47.5%:
5%) in assay buffer lacking added KCIl. Membrane docking was

Nalefski et al.

PKC-, and highest for the Syt-IA domain. The relatively
low C&" threshold of the cPLAo C2 domain suggests that

it is well adapted for low-amplitude €asignals and does
not require significant assistance in membrane binding from
other domains. By contrast, the higher’Cthreshold of the
PKC+# C2 domain is consistent with the proposal that
activation of the full-length enzyme requires assistance from
other domains, including the docking of its regulatory C1
domain to membrane-partitioned diacylglycerol and phos-
phatidylserine 2, 63. The high C&' threshold of the Syt-

IA domain, on the other hand, suggests that it is best adapted
for high-amplitude C# signals such as those generated at
presynaptic plasma membranégs §).

Figure 1A illustrates the similar architectures of the cRLA
o, PKCH, and Syt-IA C2 domains, each of which is a
sandwich of two four-stranded, antiparalj@isheets. The
three C&"-binding loops lie at one end of th&sandwich

measured by monitoring protein-to-membrane FRET; all subsequentyhere they also serve as the primary membrane docking

FRET signals were corrected for small effects of NaCl on dPE

emission. The NaCl concentration was raised incrementally, and

the resulting FRET signal was normalized to the initial value.

surface 42, 44, 45, 47, 49, 50, 52, h7Figure 1B sum-
marizes the observed &astoichiometries of the membrane-

Following the NaCl additions, excess EDTA was added (dashed bound C2 domains. Notably, these loops bind different

line) to demonstrate the reversibility of cPk& C2 domain binding
to membranes. Experimental conditions: 5 20 mM HEPES,
pH 7.4,5 mM DTT, less than 10 mM KCI, 1 mM EDTA, and 250
uM phospholipid.
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Ficure 10: Role of hydrophobic interactions in membrane docking
by C2 domains. The indicated C2 domains and vesicles of PS

PC—-dPE (47.5%:47.5%:5%) were incubated in standard assay

buffer containing 1.9 M Ng5O, and 5 mM EDTA (filled bars) or

2 mM CaC} and 1 mM EDTA (open bars). Membrane docking
was measured by monitoring protein-to-membrane FRET. The
resulting FRET signals were normalized to theé Gaiggered FRET
signals. Error bars represent SEM of 4 or more experiments.
Experimental conditions: 23C; 100 mM KCI, 20 mM HEPES,

pH 7.4, 5 mM DTT, and 10@M phospholipid.

anionic lipid headgroups and the Ta-protein complex 36,
40, 41, 49, 50, 5355, 57, 6).

DISCUSSION

Our results demonstrate that the C2 domains of cRPtA
PKC-3, and Syt-1A can be selectively triggered to dock to
membranes by Ca concentrations that vary over a 10-fold
range, from approximately 5 to 56M C&*. These in vitro
[Ca&t]1/2 values likely represent upper limits to the values
that would be obtained in vivo, where intracellular mem-

numbers of C# ions: the cPLA-a. C2 domain binds two
C&" ions in solution, in crystals, and while bound to
membranes30, 43-45), whereas the PK@-C2 domain
binds two to three Cd ions in solution and in crystal9,

38), and the Syt-IA C2 domain binds from one to threé Ca
ions in crystals and in solutior28, 38, 4). Our results
provide the first direct evidence that the latter domains bind
three or more CH ions when docked to target membranes.
At least in part, the differing Ga sensitivities of the three
C2 domains are proposed to arise from specialized modifica-
tions of the four potential Ca-binding sites (+1V) on their
C&"-binding loops. For example, the higher Caffinity

of the free cPLA-o. domain could stem from the fact that it
binds only two C&" ions in sites | and II, while the Syt-I1A
and PKC# C2 domains bind three €aions in sites I, llI,
and IV (29). Alternatively, the lower C& affinity of the
Syt-IA and PKC# domains could stem from the higher
density of positive charges on their €ebinding loops,
which may destabilize the €a—protein complex by repul-
sion between like charges.

The Cé&"-binding loops are also specialized to generate
different types of proteirmembrane interactions. Figures
1B and 1C provide a close-up view of the?Gdinding loops
and summarize four different mechanisms that could con-
tribute to membrane docking, respectively. Figure 1C
presents four major interactions that could stabilize mem-
brane docking: (i) direct inner sphere coordination of the
bound Ca&'" ions by anionic phospholipid headgroup oxygens,
(ii) other types of electrostatic interactions between the
Ca&*"—protein complex and the membrane surface, (iii)
recognition of one or more headgroups by a specific binding
site, and (iv) nonspecific hydrophobic interactions between
protein side chains and the membrane interior. Figure 1B
indicates that the Ca-binding loops of the cPLAo domain
possess humerous solvent-exposed hydrophobic side chains

branes also contain a mixture of PS and PC but are presenthat account for the hydrophobic nature of membrane docking

in much higher local concentrations. Most importantly, the
results predict that these three C2 domains will exhibit
significantly different C&" activation thresholds in vivo, such
that the relative Ca concentrations needed for intracellular
membrane docking are lowest for cP4-4, intermediate for

by this C2 domain, whereas the €einding loops of the
Syt-IA and PKCS C2 domains appear to utilize multiple
basic side chains and a third €don to drive electrostatic
membrane docking. Our results emphasize the importance
of hydrophobic interactions in the docking of cPi-& C2
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domain to its preferred zwitterionic lipids and electrostatic the docking interaction. Finally, the role played by?*Can
interactions in the docking of PK@B-and Syt-IA C2 domains initiating membrane docking is not fully understood. In
to their preferred anionic lipids36, 40, 41, 49, 50, 5355, addition to its established role in triggering electrostatic
57, 6]). The different lipid preferences of C2 domains may changes in the membrane binding surface of the Syt-1A C2

allow their activation parameters, including aaffinity, domain @0, 41, 5%, Ca&" may provide strong energetic
to be tuned by the varying lipid compositions of membranes contributions via direct interactions with phospholipid head-
in different regions of the cell. groups 66) or by triggering changes to protein conformation

Overall, the present results indicate that membrane dockingor dynamics.
triggered by C&" progresses via two distinct steps (Scheme  In summary, the activation parameters of C2 domains are
1): the C2 domain first loads rapidly with Eaions, thereby highly specialized for their biological context. The equilib-
triggering the slower membrane docking step. Rapi@d"Ca rium and kinetics of CH activation, membrane docking,
removal results in disassembly of the C2 domain ternary and inactivation are carefully optimized so that the C2
complexes, whereupon bound ‘aions trapped at the domain will act in concert with other signaling protein
proteir—-membrane interface are released as the domaindomains, thereby yielding a sensor that is activated by the
dissociates from the membrane (Schemes 2A and 2B). Aappropriate C& threshold concentration and that exhibits
recent crystal structure of the ternary complex formed by the optimal activation and inactivation response times. The
the PKCe. C2 domain, C& ions, and phosphatidylserine observed diversity of Ca activation parameters enables C2
(56) directly supports this model. These findings further domains to function in different intraprotein and intracellular
support the proposal that the €ebinding loops interact  environments. Such diversity also suggests that pathways
directly with the membrane surface, as well as the hypothesisutilizing multiple C2 domains could exhibit stepwise activa-
that one or more Ca ions are directly coordinated both by tion and inactivation of components, thereby triggering
protein and by headgroup oxygens in the ternary complex. complex sequences of events in a carefully controlled

Importantly, the kinetics of membrane docking by C2 manner. Finally, the present findings illustrate that compara-
domains are tuned to different time scales, resulting in tive studies of related proteins provide important insights
domain activatior-inactivation cycles that vary in duration.  that complement and extend the information provided by
This cycle is initiated by rapid Ca addition that triggers  genomic analysis of protein families.
membrane association and is terminated by rapid*Ca
removal. A full cycle (Ikom + 1/kys) requires approximately ~REFERENCES
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