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ABSTRACT. The roles of cationic, aliphatic, and aromatic residues in the membrane association and
dissociation of five phospholipases fPLA,), including Asp-49 PLA from the venom ofAgkistodon
piscivorus piscvorus acidic PLA from the venom ofNaja naja atrg human group lla and V PLA,

and the C2 domain of cytosolic PLAwere determined by surface plasmon resonance analysis. Cationic
interfacial binding residues dk. p. piscvorus PLA; (Lys-10) and human group lla PLAArg-7, Lys-

10, and Lys-16), which mediate electrostatic interactions with anionic membranes, primarily accelerate
the membrane association. In contrast, an aliphatic side chain of the C2 domain of cytosdli¢val-A

97), which penetrates into the hydrophobic core of the membrane and forms hydrophobic interactions,
mainly slows the dissociation of membrane-bound protein. Aromatic residues of human group,V PLA
(Trp-31) andN. n. atraPLA, (Trp-61, Phe-64, and Tyr-110) contribute to both membrane association
and dissociation steps, and the relative contribution to these processes depends on the chemical nature
and the orientation of the side chains as well as their location on the interfacial binding surface. On the
basis of these results, a general model is proposed for the interfacial binding of peripheral proteins, in
which electrostatic interactions by ionic and aromatic residues initially bring the protein to the membrane
surface and the subsequent membrane penetration and hydrophobic interactions by aliphatic and aromatic
residues stabilize the membrargrotein complexes, thereby elongating the membrane residence time of
protein.

Many cellular peripheral proteins are targeted to different to the active siteX] 2). Secretory PLAs (SPLAs) are small
subcellular membranes during cell signaling. Also, a number (~14 kDa), disulfide-rich, C-dependent enzymes that can
of extracellular proteins, including lipolytic enzymes, interact be classified into at least 11 grou).(Structural analyses
with cell membranes and lipid aggregates. Since the inter- of multiple sPLAs have led to the proposal of a common
facial binding of these proteins plays a critical role in their interfacial binding surface (IBS) that is located on a flat
function and regulation, extensive efforts have been madeexternal surface that surrounds the active site st (
to understand the mechanisms and energetics of theirSubsequent structurdunction studies on sPLA have
interactions with membranes. Phospholipasgs(PLA,)* identified essential IBS residues, including cationic, aromatic,
have long been used as a paradigm for these studies, thankand aliphatic residue§{11). In general, these IBS residues
to the wealth of structural and functional information as well interact with the membrane surface without significant
as their involvement in inflammation and other important disruption of the hydrophobic core of the membraGgi(l,
biological processes. PL# catalyze the hydrolysis of fatty  12). Group IV cytosolic PLA (cPLA;) shares no structural
acid ester at then-2 position of phospholipids and are found homology to sPLAs (13) and has a distinct interfacial
in both intracellular and secreted forms. Since RLAct on binding mechanismi@). The interfacial binding of cPLA
phospholipids in membranes or in other aggregated forms,is mediated by the amino-terminal C2 domald)( The C2
their interfacial catalysis includes the interfacial binding, domain is a C&-dependent membrane-targeting domain that
which is distinct from the binding of a phospholipid molecule is also found in other cellular proteins, a majority of which
are involved in membrane binding or membrane trafficking
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1 Abbreviations: ASpp-Db49, Asp-49 PLglAbfrom Agkistrodon plis- interfacial binding of cPLA (17—-19).
civorus piscvorus BSA, bovine serum albumin; cPLA cytosolic Despite these structural and functional studies on IBS
gﬁgﬁﬁg? lépg?iée?rgiiéﬁyggol E%?Z%?%ﬁ%g,:ygﬁg&%ﬁKP_O residues of PLAs, no specific information is availa_blg as to
tetraacetic acid; hllaPLAhuman group lla phospholipase;AVPLA,, how exactly they affect the membrane association and
hum;&ggrlt\)ll;pa\:] ;?Qoir:goggzsﬁzﬁBaSS.eirgeFr)fggal g:nﬂggaggr(f;%?n dissociation steps. In the present study, we studied the roles
pen;ction;, PLJA, prjwsphoﬁpasg A gOPG, 1-pain?ito))lll-2-oleoy$n- of thre.e types Of.IBS regdugs, .Catlomc’ aliphatic, and
glycero-3-phosphoglycerol; RU, resonance unit; SPR, surface plasmon@romatic, in the interfacial binding of several PisA
resonance. including a basic sPLAfrom the venom ofAgkistodon
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piscivorus piscvorus (App-D49), an acidic sPLAfrom the surface and 100 RU on the lipid-coated surface. The drift in
venom ofNaja naja atra(nnaPLAy), human group lla sPLA signal for both sample and control flow cells was allowed
(hllaPLAy), human group V sPLA(hVPLA,), and cPLA to stabilize below 0.3 RU/min before any kinetic experiments
by surface plasmon resonance (SPR) analysis. Resultsvere performed.
provide new insights into the differential roles of these = SPR Measurementall SPR experiments were performed
residues in membrane association and dissociation steps. at 24°C and a flow rate of 6@&L/min. A high flow rate was
used to circumvent mass transport effects. The association
MATERIALS AND METHODS was monitored for 90 s (96L) and dissociation for 4 min.
The immobilized vesicle surface was then regenerated for

. . subsequent measurements usingl@f 10—50 mM NaOH
glycerol (POPG) was from Avanti Polar Lipids (Alabaster, - 3\ NaCl. The regeneration solution was passed over

AL).1,2-Di-O-hexadecybnglycero-3-phosphocholine (DHPC) - 6 immobilized vesicle surface until the SPR signal reached

was from Sigma (St. Louis, MO). Phospholipid concentra- 4 jnitial background value before protein injection. For data

tions were determined by phosphate analys§).(The  5cqyisition, five or more different concentrations (typically
Liposofast microextruder and 100 nm polycarbonate filters \ithin a 10-fold range above or below thg) of each PLA

were from Avgstin (Ottawa, Ontario). Fatty acid-free bovine ;oo used. After each set of measurements, the entire
serum albumin (BSA) was from Bayer, Inc. (Kankakee, IL). jmopilized vesicles were removed by injection of 2b
3-[(3-Cholamidopropyl)dimethylammonio]-1-propane- ot 49 mm 3-[(3-cholamidopropyl)dimethylammonio]-1-
sul_fona’Fe and octyl glucogide were from Sigm:_’;\ and Fisher propanesulfonate, followed by 2& of octyl glucoside at 5
Scientific, respectively. Pioneer L1 sensor chip was from  imin and the sensor chip was recoated with a fresh vesicle
Biacore AB (Piscataway, NJ). solution for the next set of measurements. All data were
PLA; Expression and PurificatiorAll PLA ;s and mutants,  evaluated using BlAevaluation 3.0 software (Biacore). For

Materials. 1-Palmitoyl-2-oleoylsnglycero-3-phospho-

including App-D49 ), nnaPLA (11), hllaPLA; (8), hV- each trial, the control surface response was subtracted out
PLA; (10, 21), and the C2 domain of cPLA(17), were  in order to eliminate any refractive index changes due to
expressed inEscherichia coliand purified as described  buffer change. Furthermore, the derivative plot was used to
previously. monitor potential mass transport effects.

Preparation of Vesicle-Coated Sensor Chipsom lipid Once these factors were checked for each set of data, the

stock solutions in chloroform, 40@g/mL solutions of association and dissociation phases of all sensorgrams (see
vesicles were prepared for coating the Pioneer L1 sensorFigure 1) were globally fit to a 1:1 Langmuir binding
chip. Lipids in chloroform were dried under,Nh order to model: [proteinvesicle]<> protein+ vesicle. The associa-
remove chloroform and then resuspended in an appropriatetion phase was analyzed using an equation

flow buffer solution (typically 10 mM HEPES, pH 7.4,

containing 0.1 M NaCl and varying concentrations ofGa R= [k.C/(k,C + k)R (1 — g (CTkt-W)y 4 Ry

The solution was then vortexed for 15 min and sonicated

for 2 min in a Branson 1200 sonifier. After sonica_tion, where RI= refractive index chang&max is the theoretical
vesicles were passed 17 times through a Liposofast microex-pinding capacity,C is analyte concentrationk, is the
truder containing a 100 nm polycarbonate filter. Before SPR association rate constant, ads the time at start of fit data.

measurements, the Biacore X (Biacore AB) instrument was The dissociation phase was analyzed using an equation
allowed to equilibrate with the buffer until the drift in signal

was less than 0.3 resonance units (RU)/min. The sensor R= Roekd(t—to)
surface was then coated with lipid vesicles of choice (DHPC
or POPG vesicles) at a flow rate of/B./min. Typically,
150uL of these vesicle solutions was used for coating. The
resulting signal from immobilized vesicles was dependent
upon the type of lipid vesicle injected; e.g., 4200 RU for
POPG and 7100 RU for DHPC vesicles. The immobilized
lipid vesicles were washed with 10 of 10 mM NaOH at
100 uL/min flow rate to remove unattached vesicles. K= kyk,
Typically, no further decrease in SPR signal was observed d
after one wash cycle. In control experiments, the quorescenceRESUL.l.S
intensity of the flow buffer after rinsing the sensor chip

coated with DHPC or POPG vesicles incorporating 10 mM  Establishing SPR Methodology for Interfacial Binding
5-carboxyfluorescien (Molecular Probes) was monitored. Analysis.In these studies, we used the SPR technique to
Lack of detectable fluorescence signal indicated that the elucidate the roles of interfacial binding residues in mem-
vesicles remained intact on the chip. Next250f 0.1 mg/ brane association and dissociation steps. For this purpose,
mL BSA was injected at &L/min to block exposed sites the SPR technique offers a great advantage over other
on the chip surface, which typically gave rise to 100 RU. methods in that the effects of the mutation of these residues
This surface was once again washed with 10 mM NaOH. on membrane associatiok, and dissociationky) rate con-

All experiments were performed with a control cell in which  stants can be directly determiné&t®(23). As a model mem-

a second sensor surface was coated with 0.1 mg/mL BSA atbrane, we employed the phospholipid vesicles immobilized
5 uL/min and then washed with 10 mM NaOH. The typical on the Pioneer L1 sensor chip. This sensor chip allows direct
response from BSA coating was 1200 RU on the control attachment and immobilization of intact vesicles by means

where ky is the dissociation rate constant afRd is the
response at the start of fit data. Then, the curve fitting
efficiency was checked by residual plots ané The
dissociation constantk() was then calculated from the
equation
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| lipid density (1406-4200 RU of POPG) led to significant
deviation of rate constants, confirming that mass transport
& : effects have a negligible effect on our kinetic analysis. Figure

p :
80 - ¢ \“ . 1 shows representative sensorgrams for nngPTAe data
I

100 T T T

fit well to a 1:1 Langmuir binding model, as indicated by
its low and random residual scatter.

; f 7 Role of Cationic Residues of App-D49 and hllaRL’Pwo
‘f basic sPLAs, hllaPLA and App-D49, have high affinity
i | and activity for anionic membranes, @5, 26). These sPLAs
40 11 contain cationic residues on their IBSs that play essential
i roles in interfacial binding to anionic membran&s§). To
20 B systematically investigate the role of cationic residues in their
i/ interfacial binding, we measured the binding of App-D49,
hllaPLA,, and their mutants to immobilized zwitterionic and
: anionic vesicles by SPR analysis under different conditions.
To avoid the hydrolysis of phospholipids, the binding
measurements of sPL&were performed either with vesicles
made of a nonhydrolyzable phospholipid analogue (i.e.,
DHPC) or in the absence of &a (for anionic POPG
vesicles). The selection of the latter condition was mainly
due to the difficulty in preparing a PG analogue of DHPC
in an amount sufficient for SPR measurements. First, we
measured the binding of wild-type proteins to immobilized
| o SO U — POPG vesicles in the absence of?CaWe previously
. showed 10, 17, 25, 27) that the binding of App-D49 and
Time (seconds) hllaPLA; (and other sPLs used in these studies) to both
FiGure 1. Representative sensorgrams for Biidmobilized zwitterionic and anionic membranes does not depend éh Ca
vesicle binding. The Pioneer L1 chip surface was coated with DHPC (see also Table 1). Figure 2 shows sensorgrams for high-

vesicles at JlL/min in 0.1 mM HEPES, 0.1 M NaCl, and 0.1 mM g N~ - . .
EGTA. nnaPLA/F64A (60uL) of varying concentrations (0.1, 0.2, affinity App-D49-POPG b”?dmg' As is the case with Figure
0.4, 0.8, and 1.6M) was injected at 6@L/min, and the subsequent 1, t_he data f'_t well to a 1:1 Langmuir binding model, as

association and dissociation were monitored. indicated by its low and random residual scatter. The rate

) i , constants derived from these plots are summarized in Table
_of its hydrophobic anchors, thgreby_removmg the _need to 1
incorporate anchor molecules in vesicled)( The vesicles
immobilized on the sensor chip have been shown to remain . L ! o
intact 24). Immobilized DHPC and POPG vesicles also Values compares well with the equilibrium dissociation
remained intact under our experimental conditions, as constant determmgd by the flyqrometr|c analysis (Kg.,=
evidenced by the lack of vesicle leakage (see Materials and29 "M) (7), supporting the va_I|d|ty of our data analysis. For
Methods). To circumvent any potential artifacts caused by hilaPLA,, the CaICl_JI_at?CKd (._0'1.3 r_1M) was S|gn|f|cantly
the hydrophobic nature of commercial L1 chip, e.g., non- lower than the equilibrium dissociation constant determined

specific protein binding to the chip, both control surface and PY the centrifugal analysisky = 1 nM) (8), which is
vesicle-coated surface were treated with BSA. For both Presumably due to higher sensitivity of the SPR analysis

surfaces, no appreciable change in SPR response was sediMpared to the centrifugal assay, the sensitivity limit of
in response to the second injection of BSA, showing that Which is around 1 nM&). The exceptionally high affinity
the nonspecific binding sites were essentially all blocked by ©f NllaPLA: forimmobilized POPG vesicles was mainly due
a single BSA treatment (see, for instance, the binding of C2 to its high membrane association rate constant, which is 36-

domain in the presence and absence fCarhe binding fold. h!gher than that of App-D49. The diﬁerence in dis-
of PLA, to BSA was not detected under our experimental sociation rate constant between the two proteins was less
conditions, as evidenced by the lack of signal from the Pronounced-t4-fold).

control surface when the PlAsample was injected (data We then determined the andkg values for mutants, K10E
not shown). We also controlled refractive index changes uponfor App-D49 and R7E/K10E/K16E for hilaPLAboth of
buffer change and the mass transport eff&2, 23) to which were shown to have dramatically reduced affinity for
minimize the experimental artifacts and the erroneous dataanionic vesicles 4, 8). Consistent with our previously
analysis in our SPR measurements. The former was com-published data®, 8), KIOE and R7E/K10E/K16E had 32-
pensated for by subtracting the control signal from the samplefold and 385-fold lower affinity than their respective wild-
signal for each measurement. The latter effect dependstype proteins. The decreaselgby a single K10E mutation
heavily on two factors, ligand density and flow rate. To for App-D49 derived solely from the reduced association
prevent the mass transport events, low ligand density andrate constant. Similarly, the reduced affinity of hllaPLA
high flow rate were kept at the levels where the rate constantsR7E/K10E/K16E was due in large part to a 55-fold decrease
are independent of-23-fold variation of these factors. For in k. These results indicate that the cationic interfacial
example, neither the variation of flow rate from 60 to 30 binding residues enhance interfacial binding mainly by
uL/min (see Table 1) nor 3-fold variation of total surface accelerating the membrane adsorption of protein.

60 -

Relative Response (RU)

0 50 100 150 200 250 300 350

Residuals

The Ky for App-D49 (19 nM) calculated fronk, and kq
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Table 1: Binding Parametérfor App-D49, hllaPLA, and Mutants

enzymes ka(M~1s™) ka (s79) Kq (M)

POPG and 0.1 M NacCl

App-D49 (9.0+ 0.9) x 10 (1.7+£0.2)x 10°3 (1.9+£0.3)x 10°8

App-D49 (30uL/min)P (8.5+ 0.5) x 10 (1.5+£0.2) x 1073 (1.8£0.2)x 10°8

App-D49/K10E (2.8£ 0.4)x 16 (1.7+£0.3)x 10°3 (6.2 1.4)x 1077

hllaPLA, (32+£0.7)x 10° (4.2+£0.5)x 107 (1.3£0.3)x 10710

hllaPLAY/R7E/K10E/K16E (5.8: 0.7) x 10 (2.9+0.3)x 1073 (5.0+£0.8)x 10°8
POPG and 0.5 M NacCl

App-D49 (1.0+£0.2) x 10° (1.3+0.4)x 1072 (1.3+£0.5)x 10°®

App-D49/K10E (1.3£0.3) x 107 (1.3+£0.6) x 1073 (7.2£3.7)x 10°

hllaPLA, (35+0.7) x 10 (2.6+0.2)x 102 (74+£1.6)x 10°8

hllaPLAY/R7E/K10E/K16E (2.5 0.2) x 10° (2.3+£0.4)x 1073 (9.2+£1.8)x 1077
DHPC and 0.1 M NaCl

hllaPLA; (no C&*) (2.2+£0.4) x 10¢ (1.4+0.5)x 103 (6.4+2.6)x 1078

hllaPLA; (5 mM Ca&+) (2.4+0.3) x 10 (1.8+£0.7)x 1073 (7.6£3.1)x 10°8

a parameters represent meanSD from five or more determinationsMeasured at a reduced flow rate.

300

was therefore adjusted to 0.5 M NaCl, and the valuel, of
andky were determined for App-D49, hllaPLAand mutants
(see Table 1). Clearly, high ionic strength mainly influenced
the association step. The effect on dissociation was insig-
nificant except for the 7-fold decrease seen for hllaRLA
As expected from the mutations of essential cationic IBS
residues, K10E of App-D49 and R7E/K10E/K16E of hlla-
PLA, were influenced by the high ionic strength to much
lesser degrees than their respective wild-type proteins. As a
result, differences in botk, andKy between wild type and
mutants were much smaller at 0.5 M NaCl than at 0.1 M
NaCl. Thus, it is evident that the primary role of electrostatic
interactions mediated by cationic interfacial binding residues
is to drive the membrane association.

To further investigate the role of electrostatic interactions
in interfacial binding, we measured the kinetics of binding
of hllaPLA; to immobilized DHPC vesicles. App-D49 was
0 50 100 150 200 250 300 350 not included in these measurements because of its extremely
low affinity for PC membranes. In these studies, the binding
was measured both in the presence of 5 mMMGand in
1., . e . . - the absence of Ca As listed in Table 1, Cd did not have

ot fepma? ,‘;."_.“y#_’af;.f,:;#‘:,.'.{;.fm,ﬂ;; - significant effects on the rate of association and dissociation,
e "' Felpr 1\--%‘5.? R AT e VR TR again validating our Ca-free method used for POPG
et g T W T Y binding. When compared under the same conditions, hlla-
PLA; bound immobilized PC vesicles 146 times slower than

'2[1 50 00 120 200 230 300 350 immobilized POPG vesicles. In contrast, differenceskdn

Time (seconds) were only 3.3-fold for hllaPLA Thus, these results again
Ficure 2: Sensorgrams for App-D49 binding to immobilized POPG S”Pport th?. notion that electrostatic |r_1te_rfaC|aI Interactions
vesicles. The Pioneer L1 chip surface was coated with POPG Mainly facilitate the membrane association.
vesicles at L/min in 0.1 mM HEPES, 0.1 M NaCl, and 0.1 mM Role of Aromatic Residues of hVPLAnd nnaPLA

EGTA. App-D49(60uL) of varying concentrations (5, 10, 20, 40, . : :
and 80 nM) was injected at 6@L/min, and the subsequent Mammalian group V PLAs, including hVPLA, have been

association and dissociation were monitored. Control flow cell data Shown to have high affinity and activity for zwitterionic PC
were then subtracted from each curve for data analysis. membranes, including the outer plasma membranes of

mammalian cells X0, 21). This is in sharp contrast to

We have previously shown that electrostatic interactions homologous group lla PL& (e.g., hllaPLA) that show
play a predominant role in the binding of App-D49 and extremely low activity on PC membrane3 @6, 28). Also,
hllaPLA; to anionic membraned(8). To determine exactly  acidic PLAs from cobra venom, including nnaPLAhave
how electrostatic interactions influence the interfacial bind- been shown to have high activity on PC membrarie.
ing, we measured the effect of the ionic strength on the We have recently shown that aromatic residues on their
membrane association and dissociation. An initial attempt interfacial binding surfaces, Trp in particular, play a key role
to increase the NaCl concentration from 0ollt M NaCl in their high affinity for PC membraneg,(10, 11). To further
was hampered by an extremely low degree of binding at 1 investigate the role of the aromatic residues in interfacial
M NaCl (e.g.,ka < 10° M~1 s71). To achieve an adequate binding, we determined the membrane binding parameters
degree of binding for kinetic analysis, the NaCl concentration for hVPLA,, nnaPLA, and their mutants by SPR analysis.
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Table 2: Binding Parametérfor hVPLA;, nnaPLA, and Mutants

enzymes ka(M™ts™) ki(s™h) Ka (M)
DHPC
hVPLA, (9.1+£0.8) x 10° (1.0£0.3)x 10°3 (1.1+£0.4)x 10°°
hVPLAJ/W31A (1.44 0.4) x 109 (2.7£0.5)x 1073 (1.94+ 0.6) x 108
nnaPLA (7.6+£0.6)x 10° (1.4+0.4)x 10°3 (1.8+0.5)x 10°°
nnaPLA/W61A (2.440.6) x 10* (6.7£0.8) x 1073 (2.6+£0.7) x 1077
nnaPLA/F64A (5.1+ 0.5) x 10¢ (1.1+£0.4)x 102 (2.2+0.8)x 1077
nnaPLA/Y110A (1.54 0.3) x 107 (5.0£0.2) x 1073 (3.3+£0.7)x 108
POPG
hVPLA, (2.9+£0.9)x 10° (2.7+£0.2) x 107 (9.3+3.0)x 1071
hVPLAZ/W31A (5.6+0.7) x 10 (4.5+0.6)x 104 (8.0+ 1.5) x 10720
nnaPLA (4.1+0.5) x 10* (1.9+£0.3)x 10 (4.8+0.9) x 10°°
nnaPLA/W61A (1.6 0.3) x 1¢¢ (1.5+£0.2) x 10°3 (9.4+22)x 108
nnaPLA/F64A (3.3+£ 0.4) x 10* (1.2+£0.3)x 1073 (3.6 1.0)x 108
nnaPLA/Y110A (4.440.3) x 10 (6.4+0.4)x 107 (1.5+£0.1)x 10°8

a Parameters represent mearSD from five or more determinations. All measurements were performed with 0.1 M NaCl and 0.1 mM EGTA.

As summarized in Table 2, hVPLAhad 36-fold higher Table 3: Binding Parametérfor the C2 Domain of cPLAand
affinity for immobilized DHPC vesicles than hllaPLA Mutants
which was mainly ascribed to the 24-fold lardervalue. enzymes  ky(M~1s7) ka(sY) Kq (M)
Similarly, nnaPLA showed the high PC affinity due to faster DHPC
adsorption to PC vesicles. We previously reported that wild type (4.9+0.3)x 10° (1.840.4)x 1073 (3.6+ 0.8) x 10°°
mutations of the aromatic residues on the interfacial binding M38A  (1.3+0.8) x 10° (2.1+£0.8)x 10% (1.64+1.2)x 10°®
surfaces of these enzymes had large effects on their PCV97A  (18£0.4)x 10 (6.7£0.5)x 1072 (3.7+0.9)x 1077
affinity (10, 11). In agreement of these findings, our SPR POPG , .
analysis showed that the mutations resulted in 280-fold Wi YPe ((fgi 82;;( ig: 8‘2‘1 8'23;( o Eg?i 12;§ o
reduction in PC affinity. The mutations influenced b&th  yg97a  (3.0+0.3)x 10 (8.2+ 0.6)x 10% (2.7+0.3)x 107
andky values, although changesknwere in general larger
than those irks. Thus, it appears that the aromatic interfacial
residues not only accelerate the membrane adsorption but
also elongate the membrane residence time. . .
We then measured the binding of wild type and mutant W_as_shown to have only a modest effect on the interfacial
proteins to immobilized POPG vesicles. As reported previ- Pinding of cPLA (17). For these studies, binding to both
ously, hVPLA showed significantly (12-fold) higher affinity ~PHPC and POPG vesicles were performed in the presence
for anionic POPG vesicles than for PC vesicles whereas ©f 0-5 MM C&* because the C2 domain requires’Cor
nnaPLA exhibited slightly (2.7-fold) lower affinity for the membrane bmdmg gnq has no hydrolytic acpwty. In the
anionic vesicles0, 11). The increased affinity of hvPLA ~ absence of Cd, the injection of the C2 domain did not
for POPG vesicles might be due to several cationic residues!"créase the SPR signal beyond the refractive index change,
onits IBS. For POPG vesicles, the effects of W31A mutation 29@in showing that the SPR signal arose from the specific
of hVPLA, onk, andks were comparable to those seen with Vesicle binding of protein. As shown in Table 3, the C2
DHPC vesicles. This suggests that Trp-31 plays essentiallydomain of cPLA had high affinity for immobilized DHPC
the same role in binding to the two types of vesicles and VeSicles, which was comparable to that of hVBI(ee Table
that hVPLA binds to the vesicles in similar modes. In 2)- The mutation of Val-97 to Ala led to a large 37-fold
contrast, nnaPLA appears to bind to POPG and DHPC [ncrease irkg and a much smaller 3-fold decr_easéanh|§ .
vesicles in different modes for two reasons. First, both 1S in sh_arp contrast to the effects of mutations of cationic
association and dissociation of wild type were slower for Interfacial binding residues of App-D49 and hllaPL vhich
PG vesicles than for PC vesicles, i.e., 19 times and 7 timesPrimarily reducedk.. Unlike V97A, M38A exhibited a
reduction ink, andkg, respectively. Second, for three mutants Modest 4-fold reduction ik, and only a 20% increase ka.
the decreases ik, for POPG vesicles were significantly ~AS Previously reported, the C2 domain had significantly (11-
smaller than those seen for DHPC vesicles, whereas theld) lower affinity for anionic POPG vesicles, which is
increases ifks were comparable for the two types of vesicles. mainly due to the slower association rate. For these vesicles,
Role of Hydrophobic Residues of the C2 Domain of cPLA  the effect of VO7A orks was much less pronounced (6-fold
The amino-terminal C2 domain of cPLAs responsible for ~ Increase), suggesting that the C2 domain might bind to POPG
its C&*-dependent membrane binding. W&2(17) and vesicles |nad|fferen_t orientation that does not allow optimal
others (8, 19) have shown that hydrophobic residues in the Meémbrane penetration of Val-97.
C2 domain, including Val-97, are involved in membrane
penetration and hydrophobic interactions. To further study DISCUSSION
the role of hydrophobic residues in interfacial binding, we It has been generally thought that electrostatic and
determined the membrane association and dissociation kinethydrophobic interactions, mediated by ionic and aliphatic
ics of the isolated C2 domain of cPLAs well as the C2  residues, are major driving forces for interfacial binding of
domains carrying V97A and M38A mutations, respectively. PLA;s. More recently, complex interactions between aro-
M38A was used as a negative control since this mutation matic residues and membranes have also emerged as an

a Parameters represent mearsD from five or more determinations.
measurements were performed with 0.1 M NaCl and 0.5 mN¥IrCa
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important factor for interfacial binding2( 11). Although
kinetics of membrane association and dissociation of SBLA
have been measured by different physical techniqlie® 6
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association (i.e., the protein can make initial contact with
the membrane in different orientations). For both proteins,
the mutations mainly influence the membrane association.

systematic study has been reported on the differential rolesin the case of App-D49, the K10E mutation exclusively

of cationic, aliphatic, and aromatic IBS residues of Bl
membrane association and dissociation. For pretpiotein

affectsk,, indicating that Lys-10 is involved not in specif-
ically stabilizing the membraneprotein complexes but in

interactions, the association step is characterized by secondinteractingnonspecificallywith the anionic membrane sur-

order rate constants (i.&,) that are typically in the range
of (0.5-5) x 1 M~1s71(29). This value, albeit lower than
the diffusion limit (7 x 10° M~ s7%), is 1000-10 000-fold

faces. For hllaPLA the R7E/K10E/K16E mutation has a
considerable effect (7-fold increase) knalbeit smaller than
55-fold decrease ik, Similarly, raising the NaCl concentra-

higher than the expected value when strict orientation factorstion to 0.5 M increases thie for hllaPLA, by a factor of 6,

for highly specific protein-protein interactions are consid-

while having no effect on that for App-D49. Thus, cationic

ered @9). The rapid protein association has been accountedIBS residues of hllaPLAmight also be involved in stabiliz-

for by different theoretical models, including a lengthy
collision model 80) and a Brownian dynamics mode&l9).

ing the membraneprotein complexes. However, the effect
on kyq could be due to the change in the membrane binding

For the ligand binding of human growth hormone receptor, orientation of hllaPLA caused by the triple-site mutation.
attractive electrostatic forces were shown to enhance theThe introduction of three clustered anionic residues to the
association rate3(l). Interestingly, however, those human cationic IBS of hllaPLA might discriminate against its
growth hormone residues that are critical for its affinity for productive membrane binding orientations, which in turn
receptor binding primarily lowered the dissociation rate could interfere with the stabilizing interactions of other
without affecting the association rate. On the basis of theseresidues with the membrane and thereby facilitate the
data, it was proposed that the initial formation of an ensemble membrane desorption. Taken together, our results indicate
of weak, relatively nonspecific collisional complexes, driven that cationic residues of sPL# mainly contribute to the

by diffusion and electrostatic forces, is followed by the membrane association step by nonspecifically interacting
formation of tightly bound complexes, which are stabilized with the anionic membrane surfaces.

by a small number of specific interactions, including Cou-  For hydrophobic side chains of protein to interact with
lombic and hydrophobic interactions and hydrogen bonds the membrane, they must penetrate into the hydrophobic core

(31). Our data on membranrgorotein interactions are in
general consistent with this model for proteijprotein

of the membrane. In general, the interfacial binding of
sPLAss does not involve a significant degree of membrane

interactions; yet there are some noticeable differencespenetration. As a result, individual hydrophobic residues do

between the two systems.
Many sPLAs, hllaPLA in particular, prefer anionic

not make large contributions to membrane affini). (
Rather, they contribute collectively to overall interfacial

membranes to zwitterionic ones due to the presence ofaffinity. In contrast, Leu-39 and Val-97 in the calcium
cationic residues on their IB%, values for the binding of  binding loops of the C2 domain of cPL.Aave been shown
App-D49, hllaPLA, and hVPLA to POPG vesicles (at 0.1  to fully penetrate into the membrane and form hydrophobic
M NacCl) range from 0.1 to 3.% 10° M~* s7%, which are interactions {7). These residues thus serve as an excellent
comparable to those for proteifprotein association. Thus, model to study the role of hydrophobic interactions in
the association of basic sPk#\to anionic membranes is as membrane association and dissociation. The large 35-fold
rapid as proteirprotein association. Our results show that reduction inkq by a single V97A mutation demonstrates that
the membrane association step is primarily driven by the main role of hydrophobic interactions is to stabilize the
electrostatic interactions mediated by cationic IBS residues. tight membraneprotein complexes and thereby slow the
We have previously shown that hllaPEAas a large number  dissociation of membrane-bound protein. The specific nature
of cationic IBS residues that collectively contribute to the of these hydrophobic interactions is verified by the negligible
energetics of interfacial binding26) whereas App-D49  change irky caused by the mutation of Met-38 that is located
contains a small number of critical cationic IBS residues, in the vicinity of Leu-39 and Val-97 but does not penetrate
including Lys-7 and Lys-107). In accordance with the into the membranel().

difference in the strength of electrostatic forces, hllaRLA Unlike the mutations of ionic and aliphatic residues that
has 35-fold largek, than App-D49. Also, a major difference  primarily affect ky, and kq, respectively, all mutations of

is found between the two proteins in terms of relative aromatic residues of hVPLAand nnaPLA influence both
contribution of each cationic IBS residue and interfacial k, and kg, indicating that aromatic side chains play more
binding mechanism. In the case of App-D49, a single charge- complex roles in interfacial binding. It has been shown for
reversal mutation (K10E) exerts a large effect (32-fold transmembrane proteins that Trp and Tyr are enriched near
decrease) ok.. In contrast, single charge-reversal mutations the ends of the transmembrane helices whereas Phe is more
of the cationic IBS residues of hllaPLAave only modest  frequently found in the core of the helice32( 33). Also,
effects onk, (not shown) andKy (8): only multiple-site the interactions of Trp with the membrane have been shown
mutations, such as R7E/K10E/K16E, show larger than 10- to involve a wide variety of electrostatic and nonelectrostatic
fold reduction ink,. This difference also suggests different interactions 84). hVPLA; and nnaPLA have much higher
membrane association mechanisms for the two sBLFhe (>30-fold) affinity for zwitterionic PC membranes than
dramatic effect of KIOE mutation suggests that the pathways hllaPLA; mainly because of their high&svalues (see Tables
leading to membrane association of App-D49 are limited in 1 and 2). For hVPLA, the mutation of a single Trp on its
number and likely involve Lys-10. For hllaPL.Ahowever, putative IBS (Trp-31) to Ala resulted irv7-fold reduction
there might be multiple pathways leading to membrane in k, and ~3-fold increase irky for PC vesicles, indicating



4678 Biochemistry, Vol. 40, No. 15, 2001

that Trp-31 plays an important role in rapid association to

PC membranes. The effect kyshould be due to electrostatic

forces on the basis of the discussion described above. It is

likely that theky effect, which is less prominent than thg

effect, also derives from electrostatic forces, given the

preference of the Trp side chain for the watpid interface.
The mutations of nnaPLAprovide further insights into the

differential roles of aromatic residues in membrane associa-

tion and dissociation. The IBS of nnaPLAontains six
aromatic residues with different side chain orientati@8.(
Our previous structurefunction study on nnaPLAshowed

that Trp-61 and Phe-64 are critical for its binding to PC
membranes, whereas Tyr-110 makes less contribution be-
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