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The diacylglycerol (DG)/phorbol ester-dependent transloca-
tion of conventional protein kinase C (PKC) isozymes is medi-
ated by the C1 domain, a membrane-targeting module that also
selectively binds phosphatidylserine (PS). Using stopped-flow
spectroscopy, we dissect the contribution of DG/phorbol esters
(C1ligand) and PS in driving the association and dissociation of
the C1 domain from membranes. Specifically, we examine the
binding to membranes of the C1B domain of PKCp with a sub-
stituted Trp (Y123W) whose fluorescence is quenched upon
binding to membranes. Binding of this construct (C1Bf-
Y123W) to phospholipid vesicles is cooperative with respect to
PS content and dependent on C1 ligand, as previously charac-
terized. Stopped-flow analysis reveals that the apparent associ-
ation rate (kiPP), but not the apparent dissociation rate (k35P), is
highly sensitive to PS content: the 60-fold increase in membrane
affinity for vesicles containing no PS compared with 40 mol % PS
results primarily from a robust (30-fold) increase in k5P with
little effect (2-fold) on k3fP. Membrane affinity is also controlled
by the content and structure of the C1 ligand. In contrast to PS,
these ligands markedly alter A2§P with smaller effects on k3PP, We
also show that the affinity for phorbol ester-containing mem-
branes is 2 orders of magnitude higher than that for DG-con-
taining membranes primarily resulting from differences in A35F.
Our data are consistent with a model in which the C1 domain is
recruited to the membrane via an initial weak electrostatic inter-
action with PS, followed by a rapid two-dimensional search for
ligand, the binding of which retains the domain at the mem-
brane. Thus, PS drives the initial encounter, and DG/phorbol
esters retain the domain on membranes. The decreased effec-
tiveness of DG compared with phorbol esters in retaining the C1
domain on membranes contributes to the molecular dichotomy
of the rapid, transient nature of DG-dependent PKC signaling
versus the chronic hyperactivity of phorbol ester-activated PKC.
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The activity of PKC? is critical to many signaling pathways,
through which PKC elicits a variety of physiological outputs (1,
2). Whereas PKC may be constitutively activated through pro-
teolysis, the principal mechanism for the activation of the con-
ventional («, the alternatively spliced BI and BII, ) and novel
(6, € 6, m) PKC isozymes is via translocation of PKC to the
membrane; this translocation is driven by the C1 domain of
these PKC isozymes, which binds diacylglycerol (DG) or the
functional analogues, phorbol esters (3). The intrinsic mem-
brane affinity of the C1 domain of conventional PKC isozymes
is 2 orders of magnitude lower than that of the novel PKC
isozymes (4, 5), and effective membrane translocation is only
achieved following pre-targeting of PKC to the membrane by
engaging its Ca®>"-dependent C2 domain (6). For novel PKC
isozymes, the affinity of their C1 domain is sufficiently high that
agonist-evoked changes in diacylglycerol are sufficient to
recruit novel PKCs to the membrane. Engaging the C1 domain
(and C2 domain for conventional PKCs) provides the energy
needed to release an autoinhibitory pseudosubstrate sequence
from the active site, thereby allowing phosphorylation of sub-
strates. Imaging of PKC activity and DG production in real time
in live cells with FRET-based reporters has revealed that PKC
activity is localized to those cellular locations where DG is gen-
erated (7, 8). Thus, PKC has served as a paradigm for an enzyme
that is reversibly activated by membrane binding.

The C1 domain is a small (~8 kDa) globular domain, rich in
B-sheet and requiring two Zn™? ions for proper folding and
stability. The DG/phorbol ester-binding site is formed by an
“unzipped” B-sheet that is lined with hydrophobic residues.
Crystallographic data revealed that binding to phorbol 12-my-
ristate 13-acetate (PMA) is mediated through the backbone
amides and carbonyls of Thr'?, Leu®, and Gly*® (consensus
residue numbering), rather than specific contacts with amino
acid side chains; however, hydrophobic contacts between phor-
bol and the C1 domain reinforce the high affinity binding. This
study also revealed that rather than alter the structure of the C1
domain, phorbol provides a greasy cap to facilitate binding of
the domain to membranes. Moreover, despite being largely
hydrophobic, the C1 domain has a ring of basic residues around
its center, which may facilitate its interaction with anionic
membranes (9, 10).

3 The abbreviations used are: PKC, protein kinase C; DG, sn-1,2-dioleoylglyc-
erol; PMA, phorbol 12-myristate 13-acetate; PG, phosphatidylglycerol; PS,
phosphatidylserine; SLV, sucrose-loaded vesicle; PC, phosphatidylcholine;
dansyl, 5-dimethylaminonaphthalene-1-sulfonyl.
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The anionic phospholipid phosphatidylserine (PS) is a spe-
cific activator of PKC, with Hill coefficients as high as 12 noted
for the activation of full-length enzyme in a mixed-micelle assay
or 4 with lipid bilayers (11-15). Binding studies have revealed
that the enzyme specifically binds and is activated by sn-1,2-
phosphatidyl-L-serine and not the enantiomeric sxn-2,3-phos-
phatidyl-p-serine, suggesting the existence of specific determi-
nants on the enzyme that bind PS (16). This stereospecificity is
retained in the isolated C1 domain, suggesting that PS binds
specifically to this domain (17). The C2 domain also displays
selectivity for PS over other anionic phospholipids (18, 19), but,
in contrast to the C1 domain, this selectivity is not stereospe-
cific (17).

Phorbol esters have long been known to be potent activators
of PKC (20). PMA binds to the C1 domain in a similar qualita-
tive manner to DG (21), however, PKC binds to PMA-contain-
ing membranes with 2 orders of magnitude higher affinity than
to DG-containing membranes (5). The lower affinity binding to
DG allows agonist-stimulated PKC signaling to be rapidly
reversed (22), whereas phorbol ester treatment results in
chronic activation (23), which, dependent on the PKC isoform
activated, may lead to either cancer or growth inhibition and
apoptosis (24). Equilibrium or monolayer penetration experi-
ments have provided much information on how binding of C1
ligands recruits PKC to membranes (18, 25, 26). Moreover,
early studies described a qualitative difference in the binding
affinities and activation potencies between DG and a variety of
phorbol esters (27). To date, however, a kinetic mechanism
describing what drives the association of the domain to mem-
branes and retention on membranes has not been addressed.

We have recently shown that a single amino acid in the C1
domain (at position 22) tunes the affinity of this domain for
DG-containing membranes (4). This residue lies on the outside
face of one of the sides of the ligand binding pocket. When
present as Trp, as it is in novel PKC isozymes, the domain binds
DG-containing membranes with sufficiently high affinity to
sense agonist-evoked generation of DG. When present as Tyr,
as it is in conventional isozymes, the affinity for DG-containing
membranes is an order of magnitude lower, thus requiring a
second targeting mechanism (Ca”*-dependent engagement of
the C2 domain) for translocation to membranes. In this study,
we take advantage of engineering a Trp at the tuning position of
a conventional PKC to obtain a C1 domain that now has a high
membrane affinity and a built-in fluorophore.

We report on the kinetics for the interaction of the isolated
C1 domain with lipid membranes, examining the role of PS and
C1 ligand in the association and dissociation rate constants.
The kinetic data provide evidence for a two-step mechanism by
which the C1 domain interacts with membranes: an initial
recruitment through electrostatic interactions with PS fol-
lowed by a secondary search for ligand in two dimensions. High
affinity interactions with membranes are determined by the
extent to which hydrophobic interactions are productively
made in this second step. This model explains in part the tran-
sient nature of D@ signaling versus the chronic nature of PMA
signaling and provides a framework for the rational design of
PKC modulators.
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EXPERIMENTAL PROCEDURES

Materials—1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocho-
line (PC), 1-palmitoyl-2-oleoyl-sun-glycero-3-phospho-L-glyc-
erol (PG), PS, and DG in chloroform were from Avanti Polar
Lipids, Inc. L-a-Dipalmitoyl,[2-palmitoyl-9,10-*H]phosphati-
dylcholine (60 Ci mmol ') was from American Radiochemical
Co. PMA was from CalBiochem. Chelex 100 was purchased
from Sigma. Electrophoresis reagents were from Bio-Rad Lab-
oratories, Inc. All other reagents and chemicals were reagent
grade.

Cloning and Purification of CIbB-Y123W—Rat C1bg-
Y123W was subcloned into pGEX-6P3 and bacterially
expressed and purified as described previously (4). Untagged
domain was used for all experiments.

Preparation of Lipid Vesicles—Sucrose-loaded vesicles
(SLVs) were prepared as described (5); lipid vesicles for
stopped-flow spectroscopy were prepared as described (6).
PMA was included as a lipid component in the calculation of
the mole % of each desired lipid. PC was used as a neutral dilu-
ent to comprise the remaining mole % of phospholipid. The
final concentration of lipid was determined by phosphate anal-
ysis as described (28). Lipid concentrations of DG-containing
vesicles were calculated by dividing the phospholipid concen-
tration by a factor of (1 minus the mole fraction of DG). PMA
was incorporated into these vesicles as described (5).

Steady-State Fluorometry—Steady-state tryptophan fluores-
cence data were collected using a Jobin (Edison, NJ) Yvon-SPEX
FluoroMax-2 fluorescent spectrometer using constant wave-
length analysis. Data were collected at 25 °C by excitation at 280
nm and monitoring emission at 340 nm. Solutions were succes-
sively added to an EDTA-treated 10-mm rectangular quartz
cuvette with stirring (Starna Cells, Inc.) and were allowed to
equilibrate for at least 2 min before recording fluorescence.
Experiments were conducted in triplicate, correcting the mean
emission intensity for the added sample volume.

SLV Binding Assay—The binding of the C1b domain to SLVs
and subsequent analysis was as described previously (4). When
used, K5V designates equilibrium constants derived from these
assays.

Stopped-flow Fluorescence Spectroscopy—Kinetic traces were
measured using an Applied Photophysics [1*-180 stopped-flow
fluorescence spectrometer (Leatherhead, UK). Kinetic analysis
for the biomolecular association between the C1b domain and
lipid vesicles (Equation 1) was conducted as described previ-
ously (6).

C1bp + lipid <> C1bp- lipid (Eq. 1)
Lipid concentrations were chosen to be similar to those used in
the equivalent SLV assay. For association experiments, final
protein concentrations were 10-fold below the lowest lipid con-
centration tested. All experiments were temperature-con-
trolled through the use of a 25 °C circulating water bath. All
solutions were prepared in Chelex-treated buffer containing 20
mwm HEPES, pH 7.5, 150 mm NaCl, 200 um CaCl,, and 1 mm
dithiothreitol prior to mixing. Treatment of buffer with Chelex
was critical for the acquisition of monoexponential fits for all
traces; untreated buffer often gave irreproducible fits deviating
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FIGURE 1.C1bB-Y123W can be used as a fluorescent probe for binding
to lipid vesicles. A, homology model and sequence of C1bglI-Y123W. The
primary sequence of the C1b domain of human PKCBIl was modeled by
homology onto the crystal structure of the C1b domain of mouse PKC8 (Pro-
tein Data Bank code 1PTR) using Swiss PDB-Viewer. The ribbon structure
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significantly from monoexponential decay. All curve fitting was
done using KaleidaGraph version 5.32. When used, K' desig-
nates equilibrium constants calculated as the ratio of k2FF /3PP,

RESULTS

Design of a Fluorescence-based Probe for the Interaction of the
C1b Domain of PKCB with Lipid Membranes—To study the
kinetics of the association of the C1 domain with lipid vesicles
using stopped-flow fluorescence spectroscopy, it was first nec-
essary to design a fluorescence-based probe that was sensitive
to such an interaction. We chose the C1b domain of the con-
ventional isoform PKCPI/II because the isolated domain is sta-
ble and amenable to biochemical studies (5, 16, 17, 29); it is also
part of a conventional PKC isoform whose biochemical and
biophysical properties have been well studied (3, 5, 12, 13, 17,
29 -31). (This domain will hereafter be referred to as C1bp, as
the C1b domain is identical in both isoforms.) This C1b domain
does not contain an endogenous Trp fluorophore, thus we
introduced Trp at four positions in the domain: F114W,
H117W, Y123W, and L150W (PKCPBII numbering). Only one
construct, C1bg-Y123W, underwent measurable changes in
fluorescence upon membrane binding (Fig. 1A4). Specifically,
intrinsic Trp fluorescence was quenched upon binding to
model membranes. (This quenching upon membrane binding
prevented fluorescence resonance energy transfer to dansyl-
labeled lipids, an output that has been useful to study the mem-
brane kinetics of the C2 domain (6); thus we focused on Trp
quenching to monitor membrane binding.) Subsequently, we
discovered that this mutation tunes the affinity of the domain
for diacylglycerol, but not phorbol esters (4). Thus, the con-
struct used in this study has the advantage of binding DG with
sufficiently high affinity to be capable of sensing agonist-evoked
diacylglycerol.

Fig. 1B shows that the intrinsic tryptophan fluorescence of
C1bB-Y123W decreased by ~50% upon addition of vesicles
predicted to result in ~80% bound domain (15 um total lipid; 30
mol % PS, 5 mol % PMA, 65 mol % PC) (17). Trp emission was
fully restored upon complete dissociation of C1bB-Y123W
from lipid vesicles by the addition of detergent. Moreover,
quenching of Trp fluorescence was reversible; fluorescence was
recovered upon dilution of lipid to a concentration predicted to
result in ~50% bound domain (10 um). Finally, despite being

of C1bBII-Y123W s in navy blue; the structural zincions in lavender; phorbolin
orange; and the Y123W mutation indicated in light blue. The primary amino
acid sequence is shown below, with the engineered Trp'?? highlighted. B, 0.2
um C1bB-Y123W was added to Chelex-treated buffer containing 150 mm
NaCl, 200 um CaCl,, 1 mm dithiothreitol, and 20 mm HEPES, pH 7.4, and tryp-
tophan fluorescence was monitored by emission at 320 nm. The diluent used
to dilute the lipid to 10 um contained 0.2 um C1bB-Y123W in the same buffer
described above to keep constant the concentration of all other components.
Addition of lipid and Triton X-100 solutions were in volumes less than 1% of
the total volume, thus minimizing any effects on concentrations of the
remaining components. The indicated solutions were added successively,
and fluorescence was read after an incubation time of at least 2 min between
additions to allow equilibrium to be reached. Vesicles were composed of 5
mol % PMA and 30 mol % PS. C, sample kinetic curve for the association of
C1bB-Y123W with lipid vesicles containing 5 mol % PMA and 40 mol % PS.
Fluorescence >320 nm was monitored through a 320-nm high pass filter. The
data are fit to a monoexponential decay curve describing the quenching of
tryptophan fluorescence in this binding reaction. Residuals are plotted below
the kinetic trace.
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FIGURE 2. PS increases the affinity of C1bf-Y123W for PMA-containing
lipid vesicles 10-fold. Binding of C1bB-Y123W to lipid vesicles containing 5
mol % PMA and increasing mole % PS as follows (remainder PC): 0 (H), 10 (),
20 (@), 30 (O), and 40 (A). Each data point represents the mean of triplicate
experiments = S.E.

highly soluble and able to bind vesicles, none of the three other
Trp mutants displayed this property indicating that the
decrease in Trp emission is a specific property of C1bB-Y123W
and not a nonspecific effect of the experimental conditions, e.g.
light scattering by lipid (data not shown).

We next examined the association of C1bB-Y123W with
lipid vesicles using stopped-flow fluorescence spectroscopy.
Trp quenching was monitored following the mixing of C1bj3-
Y123 W with vesicles containing 5 mol % PMA and 40 mol % PS
(remainder PC). Traces for the association of the domain with
lipid were monoexponential (Fig. 1C, top), with residuals con-
sistent with simple, monophasic kinetics (Fig. 1C, bottom).
Control experiments in which protein or lipid alone was rapidly
mixed with buffer showed no change in fluorescence up to 40 s
(data not shown). As another control, identical experiments
with mutants C1bB-F114W, -H117W, and -L150W did not
show any time-dependent change in Trp emission (data not
shown). These data demonstrate that the Trp fluorescence of
the C1bB-Y123W construct serves as a direct readout for the
binding of the C1 domain to lipid vesicles.

Binding of C1bB-Y123W to Vesicles Containing Increasing
Mole % PS—The interaction of PKC with PS is stereospecific
and displays high cooperativity. Previous studies revealed that
the determinants for the stereospecific interaction of PKC with
PS reside within the C1 domain (3, 16, 17). Thus, we set out to
address the kinetic basis for this specificity. First, we examined
the equilibrium binding of the C1bgB-Y123W construct to
sucrose-loaded vesicles. The binding curves in Fig. 2 illustrate
the exquisite sensitivity of binding to PS content: the presence
of 10 mol % PS increased the affinity of C18-Y123W for lipid
vesicles 10-fold compared with the affinity for vesicles without
PS (KZPP = 9.8 £ 0.3 for 10% PS versus 107 = 8 um for 0% PS).
Further increasing the PS content to 40 mol % only increased
the affinity for membranes 1.8-fold (KZPP = 9.8 = 0.3 um for
10% PS and 5.3 = 0.5 for 30% PS). Hill coefficients were similar
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TABLE 1

Apparent equilibrium and kinetic parameters for the association of
C1bB-Y123W with lipid vesicles of increasing mole % PS

Vesicles were Composed of 5 mol % PMA and the indicated mole % PS (remainder
PC). Apparent K5-V¢ and Hill coefficients were taken from the weighted, least-
squares fit of the data in Fig. 2. Apparent k,,, and k. were taken as the slope and y
intercepts, respectlvely, of the weighted, least-squares fit of plots of k, _ versus ves-
icle concentration in association experiments. k,, values are in terms of (M
vesicles) s !, K¢ was calculated as the ratio of apparent Ko/ k., and converted to

M lipid, assuming 90,000 lipids per vesicle. Values are presented as the average of at
least three experiments = S.E.

Apparent Apparent

Mol %  Apparent Hill alc
Igw‘ coefficient  k,, X 10° Koge Ka
uu lipid M st st M lipid
0 107 =8 1.7+ 0.1 0.05 = 0.02 0.13 £0.02 200 = 100
10 9.8+0.3 1.62*+008 0.22*+0.03 0.11*0.01 45+ 7
20 84+ 05 21+02 022*0.03 0.04*+0.02 16 =8
30 53*0.5 1.6 0.2 1.05 = 0.06  0.090 = 0.003 7.7 =05
40 6.3 0.5 23*04 1.62 =0.09 0.063 =£0.004 3.5=*0.3

for all PS concentrations and ranged from 1.6 = 0.2to 2.3 = 0.4,
revealing some cooperativity in the membrane interaction.

Next, we examined the kinetics of interaction of the C1bj3-
Y123W construct with membranes containing increasing mole
% PS by stopped-flow fluorescence spectroscopy (Table 1,
right). Association rate constants (k2PP) increased dramatically
with increasing mole % PS: we observed a 30-fold increase in
association rate constant from 0.05 = 0.02 X 10° M~ *s™* for 0%
PSto1.62 + 0.09 X 10° M~ * s~ * for 40 mol % PS. Moreover, the
presence of PS in PMA-containing membranes pushed the rate
of association to diffusion-limited values. Dissociation rates
(k22P) decreased only slightly with increasing mole % PS and
varied 3-fold at most, with the lowest being 0.04 s~ * for 20% PS
and the highest being 0.13 = 0.02 s~ * for 0% PS (Table 1). The
dissociation rate constants in Table 1 were obtained from the y
intercepts of the linear plots of k,, , versus lipid concentration in
association experiments; direct measurements of k. by dilu-
tion and competition experiments confirmed the values from
association experiments (supplemental Fig. S1 and supplemen-
tal Tables SI and SII). Thus, the association of C1bB-Y123W
with PS-containing vesicles is exquisitely sensitive to PS,
whereas the residence time on the membrane is only weakly
sensitive to PS content.

Sensitivity to lonic Strength of the Interaction of C1bB-Y123W
with Lipid Vesicles—Because the association of C1bB-Y123W
with lipid vesicles showed a strong dependence on mole % PS,
the sensitivity of this interaction to ionic strength was tested.
The interaction of C1bB3-Y123W with vesicles containing 5 mol
% PMA and 20 mol % PS was relatively insensitive to KCl con-
centrations between 150 and 300 mm (Fig. 3, left). One possible
interpretation of these data is that the membrane affinity is so
high it masks any ionic strength sensitivity; therefore, the same
interaction was tested under low affinity conditions (0.1 mol %
PMA). Despite the 20-fold lower affinity of C1b3-Y123W for
0.1 mol % PMA/20 mol % PS vesicles (supplemental Table SIII),
this interaction, too, remained insensitive to ionic strength (Fig.
3, right). Moreover, initial kinetic experiments showed no effect
of ionic strength on the association (k3EP) or dissociation (k3pFP
rates of C1bB-Y123W with lipid vesicles (data not shown). It is
possible that sensitivity of this interaction to ionic strength
would only be observed at much lower salt concentrations, as
previously reported for ligand binding to acetylcholinesterase
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FIGURE 3. The association of C1bB-Y123W with lipid vesicles containing
0.1 (left) or 5 (right) mol % PMA and 20 mol % PS is not sensitive to ionic
strength above 150 mm KCl. The percent C1bB-Y123W bound was deter-
mined by the SLV assay at a fixed lipid concentration corresponding to ~50%
bound, i.e. 150 and 10 umfor 0.1 and 5 mol % PMA, respectively. Apparent K,
values were determined by using the Hill coefficient (n) for 150 mm KCI for
each case (i.e. 1.3 and 2.1, respectively; see supplemental Table Slll) according
to the equation: fraction bound = [L]"/([L]” + K,"). Each data point represents
the mean of triplicate experiments = S.E.

TABLE 2

Apparent equilibrium and kinetic parameters for the association of
C1bp-Y123W with lipid vesicles of 5 mol % PMA and 30 mol % PS
or PG

Vesicles were composed of 5 mol % PMA and 30 mol % of the indicated anionic
phospholipid, with the remainder composed of PC. Tabulated results are as in Table
I. Equilibrium data were taken from Ref. 4 and supplemental Fig. S2. Values are
presented as the average of at least three experiments * S.E.

Anionic Apparent Hill Apparent Apparent Kol
phospholipid SLVe  coefficient  k,, X 10° Koge g
um lipid M 157! st s lipid
PS 5305 16=*02 1.05%x0.06 0.090=*0.003 7.7*0.5
PG 6.0+x09 15*03 0.67*0.07 0111 *0.005 15*2

(32); however, aggregation of the domain at 50 mm NaCl pre-
cluded equilibrium and kinetic analyses below 150 mm NaClL

Interaction of C1bB-Y123W with PS and PG and the Nature
of Chemical Quenching—The interaction of the C1 domain
with anionic phospholipid is selective for PS over PG (3, 17).
The mechanism of the interaction of the C1 domain with PS,
however, has not been established. Therefore, we characterized
this specific interaction through the use of equilibrium meas-
urements and stopped-flow fluorescence spectroscopy. Earlier
characterization of C1b3-Y123W by equilibrium experiments
revealed that this domain shows selectivity for PS over PG in the
context of DG-containing vesicles; however, when the ligand is
PMA, C1bB-Y123W binds both PS- and PG-containing mem-
branes equally well, even under moderate affinity conditions (4)
(supplemental Figs. S2 and S3 and Table SIII). We began by
analyzing the kinetics of the interaction of C1bB-Y123W with
PMA membranes containing 30 mol % of either PS or PG (Table
2). The association of C1bB-Y123W with both PS- and PG-
containing PMA membranes displayed monoexponential
kinetics (Fig. 4, left panels). C1bB-Y123W showed nearly a
2-fold reduction in the rate of association with PG vesicles
compared with PS vesicles (kP = 0.67 = 0.07 X 10° versus
1.05 = 0.06 X 10° m ' s, respectively), yet the same domain
dissociated from these vesicles at nearly the same rate (k2fF =
0.111 %= 0.005 and 0.090 * 0.003 s~ ', respectively, Table 2).
These data reveal that the selectivity for PS occurs in the asso-
ciation step of the domain with membranes.

Next, we sought to analyze the mechanism by which C1bg-
Y123W is selective for PS over PG in the presence of DG by
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FIGURE 4. Sample traces for the association of C1bB-Y123W with lipid
vesicles containing 5 mol % PMA (left panels) or 5 mol % DG (right panels)
and 30 mol % PS (top panels) or PG (bottom panels). Traces represent lipid
concentrations at ~10 times the apparent K, for each condition. Each trace is
fitted to a monoexponential decay in tryptophan emission.
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measuring the kinetics of the association of this domain with
lipid vesicles. However, C1b3-Y123W gave no change in fluo-
rescence over time when vesicles containing 5 mol % DG and 30
mol % PG were used (Fig. 4, lower right panel). One possible
explanation for such an observation is that the affinity of C1b3-
Y123W for DG/PG-containing vesicles was not high enough for
our detection. However, we could not detect any time-depend-
ent change in fluorescence at lipid concentrations spanning 5 to
95% C1bB-Y123W bound (as assayed by the SLV method) for
vesicles containing both 30 and 40 mol % PG (supplemental Fig.
S4 and data not shown). A second explanation for such an
observation is that PS contributes to the quenching of Trp flu-
orescence in such a way that PG cannot. Therefore, we com-
pared the kinetic data for the binding of C1bB-Y123W to vesi-
cles containing either 5 mol % PMA or DG and 30 mol % PS or
PG under conditions in which ~90% C1bB3-Y123W was bound
to vesicles (Fig. 4). Comparison of the signal-to-noise ratio of
the resulting matrix showed that the efficiency of the chem-
ical quenching of Trp fluorescence decreased in the order
PMA/PS > PMA/PG > DG/PS DG/PG. Such data show
that (i) PMA contributes maximally and (ii) PS contributes
minimally to the quenching of Trp fluorescence, and (iii) PG
cannot efficiently contribute to the quenching of Trp fluo-
rescence. Unfortunately, however, these results also pre-
cluded the derivation of kinetic parameters describing the
association of C1bB-Y123W with PG vesicles in the context
of DG-containing vesicles.

Interaction of C1bB-Y123W with PMA Versus DG—The data
from the previous section suggested that C1bB-Y123W inter-
acts differently with PMA- and DG-containing lipid vesicles.
Indeed, previous studies had shown that PKC binds with 2
orders of magnitude higher affinity to PMA-containing vesicles
than to DG-containing vesicles (4). Moreover, PMA and DG
differ in both their binding to and activation of PKC (27).
Therefore, we next used stopped-flow fluorescence spectros-
copy to extract kinetic parameters for the interaction of C1b3-
Y123W with membranes containing 40 mol % PS and either 5
mol % PMA or DG (Table 3). 40 mol % PS was used for com-
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TABLE 3

Apparent equilibrium and kinetic parameters for the association of
C1bB-Y123W with lipid vesicles of 40 mol % PS and either 5 mol %
PMA or DG

Vesicles were composed of 40 mol % PS and 5 mol % of the indicated ligand, with the
remainder composed of PC. Tabulated results are as in Table I. Equilibrium data
were taken from the weighted, least-squares fit of the data in Fig. 5. Values are
presented as the average of at least three experiments = S.E.

5mol % Apparent Hill Apparent Apparent Kol
Ligand ¢ coefficient k,, x 10° Ko a
M lipid Mgt st s lipid
PMA 63*05 23*04 1.62=*0.09 0.063*0.004 35=*0.3
DG 63 =3 14+£01 595*+0.03 14.20*0.04 215*1

Bound, percent maximal

6 5 -4 -3
Log [Lipid] (M)

FIGURE 5. C1bB-Y123W binds PMA-containing vesicles with 10-fold
higher affinity than DG-containing vesicles containing 40 mol % PS.
Binding of C1bB-Y123W to lipid vesicles containing 40% PS and 5% PMA (@)
or 5% DG (O). Each data point represents the mean of triplicate experi-
ments = S.E.

parisons, as this condition yielded more reliable data with a
higher signal-to-noise ratio and better amplitudes (see previous
section on the nature of chemical quenching). Again, the asso-
ciation and dissociation of C1bB-Y123W with vesicles followed
monoexponential kinetics. Equilibrium experiments revealed
that C1bB-Y123W bound to PMA-containing vesicles with
10-fold higher affinity than to DG-containing vesicles (Fig. 5).
Despite this result, kinetic experiments revealed that C1bfS-
Y123W associated with vesicles containing 5 mol % PMA
nearly four times more slowly than with vesicles containing 5
mol % DG (KPP = 1,62 * 0.09 X 10° versus 5.95 + 0.03 X 10°
M~ 's ! for PMA and DG, respectively, Table 3). However, the
slower association rate was outweighed by a dissociation rate
over 200 times slower than from DG-containing vesicles to give
a net increase in affinity for PMA-containing vesicles (kK32P =
0.063 = 0.004 versus 14.20 = 0.04's~* for PMA and DG, respec-
tively). Thus, for the unimolecular dissociation of Clbf-
Y123W from vesicles, the half-life for the retention of the
domain at DG-containing membranes was only 0.05 s com-
pared with 11 s when PMA was the ligand. Taken together,
these data indicate that the residency time of the C1 domain on
the membrane is primarily dependent on its interactions with
its membrane-bound ligand.
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DISCUSSION

This study identifies the determinants that control the asso-
ciation and dissociation of the C1 domain from membranes.
Stopped-flow spectroscopy using the Clb domain of PKCg,
with an engineered Trp at position 123, reveals that membrane
association is driven by electrostatic interactions with anionic
lipids that are specifically enhanced when PS is present, and
that membrane retention is driven by hydrophobic interactions
that depend on the concentration and nature of C1 ligand.
Thus, membrane association is highly sensitive to anionic lipid
and relatively insensitive to C1 ligand, whereas membrane
retention is relatively insensitive to anionic lipid and highly
dependent on C1 ligand.

Kinetic studies reveal that in the absence of anionic lipid, the
C1 domain associates with PMA membranes below its diffu-
sion-limited value. The presence of 30 mol % anionic lipids
enhances the association rate by 1 order of magnitude, with a
further 2-fold enhancement upon specific interactions with PS.
Furthermore, the presence of anionic lipids enhances the asso-
ciation rate so as to approach diffusion-limited association of
the C1 domain with membranes. On the other hand, these same
anionic lipids play only a minor role in retention of the C1
domain at the membrane, as 30 mol % anionic lipids reduce the
dissociation rate by only 25%. Once at the membrane, however,
the C1 domain does not discriminate between PS and PG, with
both anionic lipids providing the same rate of dissociation. Sur-
prisingly, comparison between membranes containing DG and
its potent analogue PMA revealed a decrease in association rate
with PMA membranes. The faster association rate with DG
membranes may result from either the ease of binding a smaller
ligand in DG or from specific recognition of a DG/PS complex
or from both. Regardless of mechanism, the decrease in associ-
ation rate with PMA membranes was offset by a 200-fold
decrease in the dissociation rate, thereby giving a net 10-fold
increase in affinity for PMA-containing membranes. Indeed,
the latter is consistent with studies with full-length PKCPII that
suggested a 200-fold reduction in kg for PMA relative to DG
(30). Overall, the results support a model in which the interac-
tion between C1bg-Y123W and lipid membranes is mediated
by a balance between electrostatic interactions with anionic
lipids and hydrophobic interactions with membrane-bound
ligand (see below and Fig. 6).

The data here complement those from many elegant studies
on the nature of the interaction of the C1 domain with lipid
membranes (18, 25-27, 33, 34). Many of these studies, however,
rely on tagged domains or full-length proteins and/or rely on a
semi-rigid, two-dimensional plane of membrane, such as a
microchip or lipid monolayer. The present study, however, pro-
vides direct kinetic parameters for the interaction of the iso-
lated, untagged C1 domain with lipid vesicles. Moreover, these
data agree with, quantify, and enhance previous membrane
penetration data that described recruitment of the C1 domain
to membranes by nonspecific electrostatic interactions fol-
lowed by membrane penetration via hydrophobic interactions
(34).

There is much controversial evidence over the location of PS
specificity in PKC. In vitro studies on isolated domains have
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kOI‘I
Eel K

E+L

E-L*

k,(DG) ~10 s

k., (PMA) ~ 0.05 s
ko ~ 108 57 reu( )
1. Low-affinity 2. High-affinity
recruitment to binding to
membrane ligand

FIGURE 6. Model for the interaction of the C1 domain with lipid mem-
branes. The proposed model for the interaction of the C1 domain with mem-
branes occurs via two steps: the formation of a low affinity encounter com-
plex followed by transition to a high affinity species (above). Step 1: long
range, nonspecific electrostatic interactions with anionic lipids, such as PS
(yellow), pre-target the C1 domain to the membrane through a diffusion-
limited association and a rapid dissociation, resulting in a low affinity for
membranes in the absence of DG or PMA. This weak recruitment to mem-
branes facilitates the specific binding of the domain to DG or PMA by reduc-
ing the space in which the C1 must search for its ligand to two dimensions
(26). Step 2: high affinity for ligand-containing membranes is achieved via
coupling of this first weak equilibrium with a second, stronger interaction as
the C1 domain searches along the lipid bilayer in two dimensions for specific
interactions with its specific ligands: PS (yellow) and either PMA or DG (purple).
The net rate of dissociation (dictated by k,.,) depends primarily upon hydro-
phobic contacts with the ligand, with 200-fold higher retention at PMA-con-
taining membranes than DG membranes.

concluded that the C1 domain confers PS specificity, whereas
nonspecific interactions exist between anionic phospholipid
and the C2 domain (17). Equilibrium data presented here show
that interaction of the C1 domain with membranes is selective
for PS over PG only when the ligand is DG and not PMA. Two
reasons may explain such an observation: 1) the C1 domain
contains a binding pocket for the stereospecific recognition of
DG/PS clusters or 2) the C1 domain has intrinsic selectivity for
PS over PG regardless of ligand, but the affinity in the presence
of PMA is very high, such that the 200-fold lower dissociation
rate masks the effects of specific electrostatic interactions in the
association with PS. Evidence for the former includes the faster
association rate with DG membranes over PMA membranes
and the observation that DG can cluster PS into microdomains
in the lipid bilayer (35). Evidence for the latter, however,
includes the observation here that PMA masks lower electro-
statically driven association rates by driving down the dissoci-
ation rate 200-fold. Further evidence supporting the latter
comes from our data showing (a) a slight preference for PS
under low affinity conditions (supplemental Table SIII); (b) a
2-fold enhancement in the apparent rate of association with PS
membranes (Table 2); and (c) the insensitivity to ionic strength
under both low and high affinity conditions (Fig. 3). Indeed,
when the PMA concentration is high relative to anionic lipid,
ionic contributions to the interaction disappear, such that
interactions with phorbol predominate (30). Unfortunately, the
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fluorescent reporter used in this study did not show time-de-
pendent changes with DG/PG vesicles, thereby precluding the
drawing of conclusions between PS and PG in the context of
DG-containing vesicles. Taken together, the data support a
model in which specificity in the association of the C1 domain
with PS-containing versus PG-containing membranes is intrin-
sic to the domain regardless of ligand; however, the large con-
tribution of PMA to the dissociation rate masks any such selec-
tivity in the association rate, thereby resulting in a net apparent
affinity that is similar for both PMA/PS- and PMA/PG-contain-
ing membranes.

The interaction of the C1 domain with membrane-bound
ligand appears to be driven by hydrophobic interactions. DG
and PMA share a glycerol-like backbone with two acyl chains,
but PMA also contains an extensive, polycyclic, highly hydro-
phobic phorbol head group. X-ray crystallography revealed that
rather than alter the overall structure of the domain, the main
function of the ligand is to provide a greasy cap to promote the
retention of C1 domain at the lipid bilayer (10). Indeed, the data
here show a 200-fold slower rate of dissociation with the more
hydrophobic PMA than the smaller DG. This difference corre-
sponds to a difference of —3.2 kcal/mol in the dissociation rate,
which, at a van der Waals interaction energy of 0.5 to 1.5 kcal/
mol, could be explained as the energy of anywhere from two to
six additional hydrophobic van der Waals interactions that do
not exist in the interaction with DG. Indeed, the crystallo-
graphic data for C1bd suggest that numerous hydrophobic
interactions occur between C1bd and the rings and acetyl group
of the phorbol ester (10).

Whether the C1 domain penetrates substantially into the
membrane is unresolved. Monolayer penetration experiments
have suggested that hydrophobic residues within the C1
domain are responsible for pulling the C1 domain into the
bilayer (18, 33, 34); however, quenching studies show no pene-
tration of PKCPII into the acyl chains of the lipid bilayer (30).
Our results reveal that PS can quench Trp fluorescence but PG
cannot; similarly PMA can quench Trp fluorescence but DG
cannot. Two possibilities could account for these observations:
(i) different interactions between the two sets of ligands and (ii)
intrinsic inability of the latter of the pairings to quench Trp
fluorescence. Whereas we cannot rule out the former, the latter
(ii) is an interesting possibility. Indeed, the unsaturated rings of
phorbol would be ideal for scavenging the energy released by a
neighboring fluorophore. In fact, phorbol ester appeared to be
the largest contributor to the quenching phenomenon (Fig. 4).
Moreover, because neither the glycerol backbone with acyl
chains (i.e. DG) nor PG quenches Trp fluorescence, this sug-
gests that either the amine or carboxylic acid functionalities of
PS can also quench Trp emission. Indeed, Trp prefers to sit at
the membrane/water interface rather than project into the
membrane (36, 37). Thus, the data in this study are consistent
with interactions between Trp and chemical quenchers at the
level of lipid head group and are inconsistent with membrane
penetration.

Model for the Interaction of the C1 Domain with Anionic
Membranes—All association and dissociation experiments
revealed monoexponential kinetics in the interaction of the C1
domain with membranes, thereby giving the appearance of a
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simple binding equilibrium with a single bimolecular associa-
tion and single unimolecular dissociation step, i.e. E + L <> E-L.
However, the dissociation constants from equilibrium (K5"Y)
and kinetic (K$'° = k2PP/k%PP) experiments did not agree with
one another in nearly all experiments (Tables 1-3). Cooperat-
ivity alone could not reconcile the differences between these
two K, values, suggesting a more complicated binding scheme
than that outlined above. One explanation for this difference is
that the kinetic scheme is more complicated than the single
binding equilibrium presented above. Specifically, there may be
an additional binding step that does not result in a fluorescence
change in the reporter or, alternatively, the association or dis-
sociation step could comprise two steps so similar in rate that
they cannot be graphically resolved.

Based on the above data, we propose a model in which the C1
domain binds to DG- or PMA-containing membranes via a
two-step mechanism consisting of the formation of a weak
encounter complex (Step 1: E + L <> E-L) coupled to a transi-
tion equilibrium in which high affinity, ligand-bound complex
is formed (Step 2: E-L <> E-L*, Fig. 6). Such a scheme is consist-
ent with data showing that the binding of two proteins involve
the formation of a weak, pre-equilibrium complex, followed by
relaxation into a high affinity, stereospecific complex (38). The
above model describes the binding equilibrium in terms of four
rate constants: two that describe the initial low affinity recruit-
ment to membranes (k,, and k) and two that describe the
equilibrium for the formation of a high affinity transition com-
plex (kg,q and k,.). Under such a scheme, the kinetically
derived association and dissociation rate constants from
stopped-flow experiments are apparent (k3P and A22F) and con-
tain components of both Steps 1 and 2.

The affinity of the C1 domain for lipid membranes in the
absence of ligand (i.e. DG or PMA) is ~100 mm (3); this K, is
equal to k_/k,,, and thus describes the recruitment equilibrium
of Step 1. Assuming that the initial encounter of the C1 domain
with acidic membranes is diffusion limited (k,, ~ 10°M 's™ '),
then k¢ =~ 10° s, consistent with a weak affinity when the
hydrophobic tethering forces of DG or PMA are absent. More-
over, if we assume that Step 1 is in rapid equilibrium, then
KERP = k.., and k2PP is the net rate constant for formation of
E-L*. Extrapolation of the data presented here, then, allows
us to estimate kg q at ~10°~10° s ! for both DG and PMA-
containing membranes (data not shown).

The model in Fig. 6 highlights several important contribu-
tions to the interaction of the C1 domain with membranes. First
is the importance of anionic lipids in the initial recruitment
step. This is demonstrated by two observations: (a) in the
absence of PS, the C1 domain associates with membrane vesi-
cles below its diffusion-controlled value (Table 1); and () ves-
icle-binding experiments reveal that the C1 domain from
PKC{, which has a higher electrostatic potential than C1bf
(39), does not have a higher intrinsic affinity for PS membranes
in the absence of DG or PMA,* thus suggesting that the C1
domain is already optimized for electrostatic interactions with
membranes. A second contribution to the interaction of the C1

“D.R. Dries and A. C. Newton, unpublished observations.
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domain with membranes is the rapid (~10?-10%s ) search for
ligand that can occur upon a reduction in dimensionality that
results from the initial encounter with membranes. In fact, this
is a shared feature for the high affinity binding of many mem-
brane-binding domains (26). A third contribution to binding is
the “tethering” effect that hydrophobic interactions provide for
the high affinity of the interaction of the C1 domain with mem-
branes. This is demonstrated by the observation that k., is
rate-limiting in the release of the C1 domain from DG- and
PMA-containing membranes and varies from 10 s~ ' for DG to
0.05 s~ ! for PMA.

Taken together, then, the measured k3PP values are consist-
ent with a rate-limiting, diffusion-controlled association driven
by electrostatic interactions between the positive electrostatic
potential of the C1 domain and the negatively charged phos-
pholipid bilayer. Moreover, the rate of release is limited by the
extent to which the C1 domain makes hydrophobic contacts
with ligand.

Conclusion—Dissection of the association and dissociation
rates for binding of the C1 domain with membranes have
revealed a two-step model for the translocation of the Cl1
domain to membranes: (i) anionic phospholipids, specifically
PS, drive the formation of an initial low affinity complex
between the domain and membranes, followed by (ii) a transi-
tion to a high affinity interaction when the C1 ligand is bound to
the domain. The data reveal that the interaction of Clbf-
Y123W with DG-containing membranes is optimized for rapid,
transient interactions, whereas PMA chronically locks the C1
domain to the membrane.
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