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  Group IVA cytosolic phospholipase A 2  (cPLA 2  � ) is an 
85 kDa enzyme, which liberates arachidonic acid (AA) 
from the  sn -2 position of membrane phospholipids in 
response to infl ammatory agonists ( 1–3 ). cPLA 2  �  consists 
of an N-terminal lipid binding C2 domain and a C-terminal 
catalytic or lipase domain that is separated by a fl exible 
linker ( 2, 4 ). The C2 domain is  � 120 amino acid module, 
binds to zwitterionic lipids such as phosphatidylcholine 
(PC), and docks to PC-rich internal membranes in mam-
malian cells ( 5–9 ) in a Ca 2+ -dependent manner. Following 
the membrane binding and penetration of the C2 domain 
( 10, 11 ), the  � 600 residue catalytic domain releases AA from 
zwitterionic lipids ( 3, 12 ). The generation of AA initiates 
pathways leading to eicosanoid synthesis, which has been 
implicated in heart disease ( 13 ), asthma ( 14 ), arthritis ( 15 ), 
cancers ( 16 ), and Alzheimer’s disease ( 17 ). 

 The spatial and temporal translocation of cPLA 2  �  to 
the nuclear envelope, endoplasmic reticulum, and Golgi 
apparatus is controlled by both cell-specifi c and agonist-
dependent events. Recently, two anionic lipids, ceramide-1-
phosphate (C1P) ( 18, 19 ) and PI(4,5)P 2  ( 20–23 ) have been 
found to bind and activate cPLA 2  � . The molecular mecha-
nisms regulating cPLA 2  �  binding to C1P and PI(4,5)P 2  are 
only beginning to unravel with the C1P ( 24 ) and PI(4,5)P 2  
( 21, 25 ) binding sites being identifi ed in the C2 domain 
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(3-[3-cholamidopropyl) dimethylammonio]1-propane-sulfonate 
(CHAPS), and bicinchoninic acid (BCA) protein assay kit were 
from Fisher Scientifi c (Hampton, NH). L1 sensor chips were 
from GE Healthcare (Piscataway, NJ). Phospholipid concentra-
tions were determined by a modifi ed Bartlett analysis ( 32 ). Restric-
tion endonucleases and enzymes for molecular biology were 
obtained from New England Biolabs (Beverly, MA). A549 trans-
fection reagents (PLUS™ reagent and Lipofectamine LTX) were 
from Life Technologies (Grand Island, NY). 

 DNA mutagenesis and protein purifi cation 
 The QuikChange site-directed mutagenesis kit (Agilent Techno-

logies; Santa Clara, CA) was used to introduce mutations into the 
pET28a vector with a His 6  tag engineered into the N-terminus 
of the cPLA 2  �  C2 domain gene. The manufacturer’s instructions 
were used to perform temperature cycling using  Pfu  DNA poly-
merase. This replicates both strands with high fi delity without 
displacing the mutagenic primers. A mutated plasmid containing 
staggered nicks was generated and treated with DpnI endonu-
clease. This enzyme specifi cally digests methylated and hemim-
ethylated parental DNA templates and selects for mutations 
containing synthesized DNA. The nicked DNAs were then trans-
formed into  Escherichia coli  XL-10 Gold cells. All mutated constructs 
were sequenced to ensure presence of the desired mutation. The 
C2 domain and respective mutations were expressed and puri-
fi ed from  E. coli  BL21(DE3) cells as previously described ( 10 ). 
Protein concentrations were determined by the BCA method, 
and aliquots of 3 mg/ml were made using storage buffer (10 mM 
HEPES, pH 7.4, 0.16 M KCl). 

 Surface plasmon resonance measurements 
 All surface plasmon resonance (SPR) measurements were per-

formed at 25°C. A detailed protocol for coating the L1 sensor 
chip has been described elsewhere ( 33, 34 ). Briefl y, after washing 
the sensor chip surface, 90  � l of vesicles containing either POPC 
or POPC-C1P (97:3) were injected at 5  � l/min to give a response 
of 6,200 resonance units. An uncoated fl ow channel was used 
as a control surface. Under our experimental conditions, no 
binding was detected to this control surface beyond the refractive 
index change for the C2 domain or cPLA 2  �  as previously re-
ported ( 9, 11, 34 ). Each lipid layer was stabilized by injecting 
10  � l of 50 mM NaOH three times at 100  � l/min. SPR measure-
ments were done at the fl ow rate of 5  � l/min. 50–90  � l of protein 
in 10 mM HEPES, pH 7.4, containing 0.16 M KCl and 10  � M 
Ca 2+ , was injected to give a suffi cient association time for each 
binding signal to reach saturation ( R  eq )  (  Fig. 1A, C  ). The lipid 
surface on the L1 chip, which is composed of intact lipid vesicles 
( 34, 35 ), was regenerated using 10  � l of 50 mM NaOH. After 
sensorgrams were obtained for fi ve or more different concentra-
tions of each protein within a 10-fold range of  K  d , each of the 
sensorgrams was corrected for refractive index change by sub-
tracting the control surface response.  R  eq  values were then plotted 
versus protein concentrations ( C ), and the  K  d  value was deter-
mined by a nonlinear least-squares analysis of the binding isotherm 
using an equation,  R  eq  =  R  max /(1 +  K  d / C ) ( 36 ). Each data set was 
repeated three times to calculate a standard deviation value. 

 C1P stoichiometry measurements 
 The cPLA 2  � -C2 domain contains only one endogenous trypto-

phan, Trp 71 , which lies beneath the cationic patch that has pre-
viously ( 24, 31 ) and herein been shown to bind C1P. The 
stoichiometric ratio of C1P to cPLA 2  � -C2 was determined through 
modifi cation of the previously established methodology as de-
scribed for the C2 domain of PKC �  and PI(4,5)P 2  ( 37 ). HEPES, 
pH 7.4, 10 mM, containing 0.16 M KCl and 500 nM Ca 2+ , where 

and catalytic domain, respectively. Although the cationic 
site in the catalytic domain is promiscuous in anionic lipid 
binding ( 21, 23, 26 ), C1P is the only membrane-embedded 
anionic lipid that has been shown to increase membrane 
affi nity of the cPLA 2  �  C2 domain ( 19 ). Thus, it is thought 
that C1P acts as a coincidence detector ( 27 ) to promote 
the membrane docking of the C2 domain through elon-
gating the membrane residence time ( 19, 24, 28 ). It is known 
that the C2 domain is responsible for the translocation 
of the catalytic domain to internal membranes; thus, C1P 
binding probably contributes to this functionality. Although 
the binding to C1P has not been observed at supraphysiologi-
cal calcium levels, these types of binding experiments must 
be done at physiologically relevant cytoplasmic calcium 
concentrations, because C1P is completely shielded by 
calcium above 300  � M ( 29 ). 

 To date, cPLA 2  �  ( 19 ) and TNF- � -converting enzyme 
(TACE) ( 30 ) are the only documented proteins that have 
been shown to bind to C1P selectively over other anionic 
lipids. Moreover, C1P can regulate the translocation of 
cPLA 2  �  as well as increase its biological activity ( 31 ). These 
data are intriguing , inasmuch as one may expect other 
phosphomonoesters to bind with some affi nity. For instance, 
how does the C2 domain recognize C1P over phosphatidic 
acid (PA) (see  Fig. 6A )? Mutagenesis of residues in the 
C2 domain cationic patch (Arg 57 , Lys 58 , Arg 59 ) (see  Fig. 3 ) 
abrogate the C1P-dependent translocation and activity 
in cells ( 31 ), as well as the 10-fold increase in binding 
affi nity C1P provides when incorporated in lipid vesicles. 
Thus far, these data are a bit muddled, owing to the double 
and triple mutants that were employed in full-length 
cPLA 2  �  ( 24, 31 ). 

 To clarify the basis of C1P binding, single mutations 
of all fi ve of the basic residues of the cationic patch 
(RKRTRH) were made in the C2 domain and full-length 
enzyme. To gain insight into the mechanism of the cPLA 2  �  
interaction with cell membranes containing C1P, single 
point mutations in the full-length protein as well as in 
the C2 domain were constructed to examine the impor-
tance of each residue in the basic patch in vitro and in 
cells. Subsequently, molecular dynamics (MD) simulations 
were performed, with the C2 domain docking to a bilayer 
containing PC or PC-C1P to further elucidate the origin of 
C1P specifi city. Taken together, this experimental and 
computational investigation demonstrates that an RxRH 
sequence adjacent to the calcium binding loops of the 
C2 domain mediates C1P specifi city. 

 MATERIALS AND METHODS 

 Materials 
 1-Palmitoyl-2-oleoyl- sn -glycero-3-phosphocholine (POPC), 

1-palmitoyl-2-oleoyl- sn -glycero-3-phosphoethanolamine (POPE), 
and  N -palmitoyl-ceramide-1-phosphate (C1P) were purchased 
from Avanti Polar Lipids, Inc. (Alabaster, AL) and used with-
out further purifi cation.  N -hexadecanoyl-3-deoxy-sphingosine-1-
phosphate (deoxy-C1P), synthesized by Avanti Polar Lipids, Inc. was 
a kind gift from Walt Shaw and Stephen Burgess. Octyl glucoside, 
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 Dodecane-ethanol lipid delivery in A459 cells 
 Lipids were prepared as previously described ( 38 ). Briefl y, 

lipid mixtures were prepared by drying the allotted volume of 
chloroform-methanol (2:1) solubilized lipids under N 2  gas to make 
a 2.5 mM stock solution. Lipids were resuspended in dodecane-
ethanol (98:2) at 37°C and subsequently sonicated and heated 
to 37°C for 20 min. Lipid solutions were diluted to the indicated 
concentrations using the dodecane-ethanol mixture. Cells ex-
pressing EGFP-cPLA 2  �  were treated 24 h post transfection with 
500 nM C1P or deoxy-C1P in dodecane-ethanol (98:2) for 2 h 
at 37°C and imaged with confocal microscopy. 

 Molecular dynamics set-up 
 All simulations reported in this study were done on an all-atoms 

scheme. The fi rst set of simulations was performed without C1P 
(with only POPC) while reducing the number of Ca 2+  ions from 
2 to 0 (system names according to the number of Ca 2+  ions present: 
PC 2Ca 2+ , PC 1Ca 2+ , PC) (see  Fig. 4A ). In the second set of simula-
tions, 1 C1P molecule was introduced with a different number of 
Ca 2+  ions bound (system names C1P 2Ca 2+ , C1P 1Ca 2+ , C1P). 

 System model 
 First, a patch of POPC bilayer was created using the ‘mem-

brane’ plugin in visual molecular dynamics ( 39 ) in the xy plane 
such that the z-axis formed the membrane normal. The dimen-
sion of the patch (100 Å × 100 Å) was suffi cient to cover the pro-
tein’s area in the xy plane and to leave an additional margin of 
at least 15 Å on each side. The layer that interacted with the pro-
tein was called the ‘positive layer.’ For the bilayer where C1P was 
introduced, one POPC molecule was replaced with one C1P mol-
ecule. The C1P molecule was placed directly below the  � -groove cat-
ionic patch previously shown to bind C1P ( 24 ). The surrounding 

the Ca 2+ /EGTA was calculated according to Maxchelator soft-
ware (www.stanford.eu/~cpatton/-maxc.html) was used as the 
assay buffer. Briefl y, cPLA 2  � -C2 was held constant at 1  � M and 
measured for maximal tryptophan fl uorescence on an Aminco 
Bowman Series 2 luminescence spectrophotometer using excita-
tion and emission wavelengths of 284 nm and 340 nm and band-
widths of 4 and 8 nm, respectively. Subsequently, small unilamellar 
vesicles containing POPC-POPE-C1P (50:40:10) were added at 
increasing molar C1P concentrations until the fl uorescence was 
no longer quenched. The data were normalized, where the maxi-
mum tryptophan quenched was set to 1, then the rise and satura-
tion phases of the data were fi t using a linear least-squares 
equation ( 37 ). The intersection of the two lines defi nes the stoi-
chiometry of cPLA 2  � -C2 to C1P. The stoichiometry experiment 
was performed in duplicate with 10 mol% C1P and confi rmed in 
triplicate using vesicles containing 5 mol% C1P [POPC-POPE-
C1P (55:40:5)]. 

 Cellular protein expression and confocal microscopy 
imaging 

 A549 lung adenocarcinoma cells were transfected with en-
hanced green fl uorescent protein (EGFP)  -cPLA 2  �  wild type 
(WT) or mutants using PLUS™ reagent and lipofectamine 
LTX according to the manufacturers’ protocols (Life Technolo-
gies; Grand Island, NY). Cells were grown in 50:50 DMEM-RPMI 
with 10% FBS and 1% penicillin-streptomycin as described 
previously ( 31 ). Cells were treat ed with 10  � M A 23187  Ca 2+  iono-
phore to induce translocation to cellular membranes, then 
imaged via confocal microscopy (Zeiss LSM 710) on Nunc 
Lab-Tek II chambered cover glasses, 8-well (Thermo Fisher 
Scientifi c; Waltham, MA) using an oil 63× 1.4 numerical aper-
ture   objective. 

  Fig.   1.  Lipid binding properties of cPLA 2  � -C2 and mutations. Quantitative binding analysis was performed for the cPLA 2  � -C2 and respec-
tive mutations to POPC or POPC-C1P (97:3) vesicles at 10  � M Ca 2+ . A: SPR sensorgrams are shown for 10 nM WT cPLA 2  � -C2 binding to 
POPC (light gray) or POPC:C1P (97:3) (black) vesicles. B: The   equilibrium response ( R  eq ) from WT cPLA 2  � -C2 binding at each respective 
protein concentration was plotted versus [cPLA 2  � -C2] to fi t with a nonlinear least-squares analysis of the binding isotherm ( R  eq  = R max /
(1 +  K  d / C ) to determine the  K  d  (see  1 E). C: SPR sensorgrams are shown for 100 nM WT cPLA 2  � -C2 (black) or 100 nM R59A binding to 
POPC-C1P (97:3) (gray) vesicles. D: Fold increase in  K  d  was normalized for each respective protein to the  K  d  value for WT cPLA 2  � -C2 for 
POPC-C1P (97:3) -containing vesicles. The fi lled bars depict binding to POPC vesicles, and the gray bars display binding to POPC-C1P 
(97:3) vesicles. E:  K  d  values for WT and respective mutations binding to POPC or POPC-C1P (97:3) vesicles. The binding experiments were 
completed from independent experiments in triplicate and are listed with their respective standard deviation.   
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does not require an artifi cial nonisotropic dielectric constant 
to remain stable and accurately represents all atoms over the 
course of the simulations. 

 Computing observables from MD simulation 
 System coordinates were saved every 2 ps during the course 

of the simulation to analyze the following properties under differ-
ent conditions. To monitor the movement of the protein, ‘mem-
brane surface’ was defi ned as the surface layer in the xy plane with 
z-coordinate equal to the average of z-coordinates of phosphorus 
atoms present in the positive layer of that system. The change in 
the difference of the z-coordinate of the center of mass of the pro-
tein and the z-coordinate of the membrane surface was used to 
monitor the movement of the protein with respect to the mem-
brane. For analysis, the initial value of this difference was trans-
lated to a value of zero such that a difference in positive value 
would indicate the movement of the protein away from the layer as 
compared with the initial confi guration, and a negative value 
would indicate its movement toward the membrane. To compare 
the binding orientation of the domain with and without C1P, tilt-
ing of the protein with respect to the membrane surface was also 
investigated. The fi rst principal axis of the domain was calculated 
with the C �  coordinates of its atoms. Owing to the shape of the 
domain, its fi rst principal axis passes through the binding and the 
nonbinding loops, and its movement is around the  x  axis in the 
plane of the paper. Therefore, the rotation of the fi rst principal 
axis would directly demonstrate the rotation of the C2 domain. 

 Homology and sequence alignments 
 The cPLA 2  �  C2 domain sequence was defi ned as residues 

1–130 for the searching parameters. Homology among other 
organisms was investigated using a nonredundant protein-protein 
basic local alignment search tool (BLAST) with no excluded 
organisms on the default search parameters. Percent identity was 
calculated for the proteins compared with residues 1–130 of 
the query search by BLAST. The range of organisms was selected 
based on their diversity and is not inclusive of all organisms con-
taining the basic sequence highlighted. To locate other C2 
domains containing the RxRH motif, the conserved domain 
database engine on National Center for Biotechnology Informa-
tion   was utilized to aggregate C2 domain sequences (cd00030). 
At this point, the search was not limited to any particular organism. 
Once a positive hit was found, the  Homo sapiens  analog was found 
using BLAST. Sequences also found in  Homo sapiens  containing 
the RxRH motif were input into  Fig. 8F . The search parameters 
did not include all C2 domains, but rather are limited to the sub-
set included in the CD model under cd00030 that contained a 
reasonable sequence in  Homo sapiens  as of July 2012. 

 RESULTS 

 cPLA 2  � -C2 domain C1P binding specifi city is determined 
by Arg 59 , Arg 61 , and His 62  

 The preferential binding of cPLA 2  �  to zwitterionic lipids 
such as PC is well established ( 10, 45 ), as is the increased 
binding affi nity for C1P-containing vesicles over PC mem-
branes ( 19, 24, 31 ). To quantify the strength and selectivity of 
binding to these lipids, the equilibrium binding constant 
( K  d ) for WT cPLA 2  � -C2 and single point mutations was 
determined using SPR for POPC or POPC-C1P (97:3) 
vesicles, which are tethered intact on a L1 sensor chip. 
The WT protein bound to C1P vesicles ten times stronger 
than to POPC vesicles alone ( Fig. 1D, E ), whereas R57A 

POPC molecules were rotated and translated to remove any large 
steric clashes with C1P. A layer of 15 Å of water on the top and the 
bottom of the bilayer was used to ensure suffi cient hydration. 

 Statistical ensemble 
 Periodic boundary conditions were applied in the xy direc-

tions to simulate an infi nite planar layer and in the z direction to 
simulate a multilayer system. First, the membrane system was 
equilibrated without the protein in both sets beginning with 
10,000 steps of conjugate-gradient energy minimization to re-
move remaining steric overlaps. This was followed by 100 ps of 
dynamical run. Due to a lack of homogeneity of the system (pres-
ence of two types of lipids) and unavailability of experimental 
data about the area per lipid for C1P, simulations of the bilayers 
were performed with isothermal-isobaric ensemble   with the tem-
perature fi xed at 300° K. This method is appropriate for inho-
mogeneous systems such as a lipid bilayer of heterogeneous 
composition, for two reasons. First, for such systems, no large 
temperature difference between the components of the system 
is created, and therefore it is not necessary to couple the differ-
ent components to separate heat baths. Second, the method 
has the advantage of not being critically dependent on the 
choice of the piston parameters and allows the area per lipid to 
fl uctuate and stabilize to an optimum value ( 40 ). The Langevin 
piston method ( 41 ) was used to impose a constant pressure  P  = 1 
atm with a damping coeffi cient of 5 ps –1 . The particle mesh Ewald 
(PME) method was used for computation of the electrostatic 
forces ( 42, 43 ) with the grid spacing below 1.0 Å. All hydrogen 
bonds were restrained, allowing a time step of 2 fs. 

 Docking of protein on the membrane surface 
 In this study, the starting orientation of the protein with re-

spect to the membrane in both the sets was the same as the ex-
perimentally validated binding orientation with POPC ( 44, 45 ). 
Ca 2+  ions were also kept intact, as found in the crystal structure 
( 46 ). Ca 2+  ion 2 was removed in simulations involving one Ca 2+  
ion, inasmuch as Ca 2+  ion 2 has been shown to regulate enzyme 
activity and Ca 2+  ion 1 has been shown to regulate membrane 
binding ( 11 ). The penetration of protein into the membrane was 
also carefully emulated by translation of the protein along the 
z-axis. Some translations of the lipids in the xy plane and rigid-
body rotations around the z-axis were also performed to eliminate 
unfavorable contacts and atomic overlaps. Additional water was 
added on the top of the protein-lipid system to create a layer of 
15 Å above the uppermost atom (with the highest z-coordinate) 
of the protein. Counter ions were added to ensure the electroneu-
trality of the system. The remaining poor contacts or overlaps 
between the protein and lipid atoms were removed by minimiz-
ing the energy of the system by 10,000 steps of conjugate-gradient 
minimization followed by a dynamical simulation run of 10 ns. 

 Force fi eld parameters 
 The antechamber tool ( 47 ) from Amber 7 ( 48 ) was used to 

parameterize C1P along with POPC. Antechamber is a set of auxil-
iary programs that can be used to effi ciently identify bond and 
atom types, judge atomic equivalences, assign partial atomic 
charges, generate residue topology fi les, and, fi nally, create force 
fi eld parameters on the basis of the above information. Generalized 
amber force fi eld ( 49 ) parameters were used, and AM1-bond 
charge correction was used for generation of high-quality atomic 
charges. After the preparation of the input coordinate and topol-
ogy fi les with Amber, NAMD 2.5 ( 50 ) was used for carrying out all 
molecular dynamics simulations. An explicit atom representa-
tion for all atoms, including both heavy atoms and hydrogens, 
was implemented. This representation yields a force fi eld that 
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located in the basic patch of cPLA 2  �  were mutated along 
with other basic residues that have not been shown to bind 
to C1P. Cellular translocation responses to a cytoplasmic 
Ca 2+  increase were analyzed for WT and mutants using 
confocal micro scopy. Although mutants R57A and K58A 
( Fig. 3A, B ) show a slightly decreased ability to translocate 
to membranes, mutations of distant basic residues R26A and 
K29A ( Fig. 3A ) did not have a statistically signifi cant effect 
( Fig. 3B ). Quantitative analysis of the membrane transloca-
tion of WT and mutants demonstrated that Arg 59 , Arg 61 , and 
His 62  signifi cantly decreased cellular translocation, suggest-
ing that C1P binding plays a critical role in the protein’s abil-
ity to translocate to intracellular membranes. 

 C2 orientation of binding with and without C1P 
 To assess the importance of Ca 2+  in docking the cPLA 2  � -C2 

domain to membranes and to discern the effect of C1P on 
this binding, we performed MD simulations with and with-
out Ca 2+  and C1P. In this study, the starting orientation of 
the protein with respect to the membrane in both simula-
tion sets was the same as the experimentally validated 
binding orientation with POPC ( 44 ). Ca 2+  ions were also 
kept intact as they were solved in the crystal structure ( 46 ). 
In situations where a single Ca 2+  was used in the simula-
tions, Ca 2+  ion 2 was removed. 

 The simulations resulted in both predicted and other 
potentially important mechanistic results. When POPC 
and Ca 2+  were present, the domain formed a stable com-
plex with the bilayer, with only a small deviation from the 
binding orientation  (  Fig. 4B  ). This was in agreement with 
previous experimental ( 5, 9, 51 ) and computational ( 52 ) 
studies. In fact, when the Ca 2+  ions were removed from the 
system, the domain showed very little affi nity for the 
bilayer and drifted away by 5 Å in the fi rst 4 ns, further vali-
dating the accuracy of protein-lipid interface in this model 
system. As shown in  Fig. 4B , the domain then remained 
away from the bilayer for the remainder of the simulation 
time. When C1P was introduced into the bilayer, in the 
presence of Ca 2+ , the domain formed a steadfast protein-
membrane complex ( Fig. 4C ). Interestingly, the domain 
showed even less deviation after 6 ns from the binding 
orientation than with just POPC, suggesting that the do-
main forms a more-stable complex (i.e., higher membrane 
affi nity), which further supports the SPR results, cellular 
studies, and previous fi ndings ( 19, 24, 28, 31 ). In addition, 
C1P further strengthened the binding of the C2 domain 
in the absence of one Ca 2+  ion, demonstrating its role in 
promoting C2 domain docking to zwitterionic membranes. 

 Hydrogen bonding between  � -groove basic residues 
and C1P 

 A further examination of the interface between the 
cPLA 2  � -C2 and the bilayer revealed the presence of multiple 
hydrogen bonds between cationic residues and the C1P 
headgroup  (  Fig. 5A,   C  ). These cationic residues are lo-
cated in the cationic patch shown in  Fig. 3C . Interestingly, 
the H-bonding is most signifi cant for Arg 59 , which H-bonds 
with the phosphomonoester headgroup and the backbone 
hydroxyl of C1P ( Fig. 5C ). Additionally, Arg 61  and His 62  form 

and K58A displayed small reductions (1.5- and 2-fold, re-
spectively) in binding C1P-containing vesicles ( Fig. 1D, E ), 
suggesting a nonspecifi c or weak electrostatic role in C1P 
binding. Other mutations of the cationic  � -groove, R59A, 
R61A, and H62A, displayed a 6.7- to 8.7-fold reduction in 
binding affi nity for C1P-containing vesicles, signifying their 
role in determining C1P specifi city. Previously, all single, 
double, and triple mutations in the full-length enzyme re-
tained PC binding, Ca 2+  binding, and activation properties 
that were non-C1P dependent ( 24, 31 ). Similarly, mutations 
of the C2 domain prepared in this study retained WT bind-
ing properties to POPC vesicles ( Fig. 1D, E ), underscoring 
the specifi c role of Arg 59 , Arg 61 , and His 62  in C1P binding. 

 To calculate the stoichiometric ratio of C1P to cPLA 2  � -C2, 
tryptophan fl uorescence was used, inasmuch as cPLA 2  � -C2 
has an endogenous tryptophan near the basic patch that is 
quenched as the molar ratio of C1P increases in concentra-
tion. As vesicles containing POPC-POPE-C1P (50:40:10) 
were titrated into a fi xed concentration of cPLA 2  � -C2, 
quenching was measured until no further change was de-
tectable. The stoichiometry of binding was calculated as 
previously described by fi tting the rise and saturation phases 
of the fl uorescence data ( 37 ). The intersection of the lines 
gave a ratio of 1:1.16 ± 0.13, which is approximately 1 C1P 
to 1 cPLA 2  � -C2  (  Fig. 2  ). These data were further confi rmed 
using vesicles containing 5% C1P, which yielded a ratio of 
1.02 ± 0.14 (data not shown). Spatially, this result is logical, 
considering the size and overall topology of the cationic 
patch. In addition, MD simulations also suggest the bind-
ing of one C1P by the cationic patch (see below). 

 Arg 59 , Arg 61 , and His 62  are important for cellular 
translocation of cPLA 2  �  

 WT cPLA 2  �  and full-length mutant proteins expressing 
EGFP were transfected into A549 cells and subsequently 
treated with A 23187  ionophore to increase cytoplasmic Ca 2+  
and induce cPLA 2  �  translocation to cellular membranes 
 (  Fig. 3A  ). To confi rm the in vitro SPR results, single residues 

  Fig.   2.  Determination of the C1P binding stoichiometry of 
cPLA 2  � -C2. Titration of POPC-POPE-C1P (50:40:10) vesicles into 
1  � M cPLA 2  � -C2 as   measured by tryptophan relative fl uorescence 
(RFU) quenched. Through fi tting the rise and saturation portions of 
the data with linear regression, a stoichiometric ratio of 1:1.16 ± 0.13 
(cPLA 2  � -C2-C1P) was determined in duplicate.   
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C1P in vitro for C2 domain binding and in A549 cells ( Fig. 6 ) 
for cPLA 2  �  translocation. Identical SPR surfaces with C1P 
or  N -hexadecanoyl-3-deoxy-sphingosine-1-phosphate (deoxy-
C1P) were used to test the binding response of the C2 
domain. The C2 domain demonstrated lower saturation 
equilibrium values in the SPR studies, with a 24% reduction 
in  R  eq  values for the deoxy-C1P surface compared with the 
C1P-containing vesicles ( Fig. 6B ). Additionally, the  R  eq  values 
for the deoxy-C1P surface were comparable to  R  eq  values for 
the C2 domain to POPC vesicles alone, suggesting that the 
backbone hydroxyl group is an important determinant of 
C2 domain C1P binding. A549 cells were treated with exog-
enous lipid through a dodecane-ethanol vehicle to test the 
effects of each lipid on cPLA 2  �  translocation ( 38 ). Although 
membrane translocation was lower than in cells treated with 
the Ca 2+  ionophore A 23187 , the translocation was observed in 
 � 17% of cells when C1P was added to A549 cells but was 
not detectable in cells treated with vehicle alone or deoxy-
C1P ( Fig. 6C, D ). In the presence of A 23187 , which induces 
maximal translocation of cPLA 2  �  owing to higher cyto-
plasmic Ca 2+  concentrations, treatment with deoxy-C1P 
displayed a statistically signifi cant reduction in cPLA 2  �  

signifi cant H-bonds with the phosphomonoester head-
group of C1P. The number of hydrogen bonds between 
C1P and individual cationic residues in the C1P binding 
site was counted along the simulation time. We found that 
on average, the domain forms three to four hydrogen bonds 
with the C1P headgroup over the simulation time. Of these 
H-bonds, Arg 59  and Arg 61  have the highest contribution, with 
at least two and one H-bond(s) during the majority of the 
simulation time, respectively. His 62  also forms at least one 
H-bond, whereas Arg 57  (not shown) or Lys 58  does not form 
any detectable H-bonds with C1P, owing to their spatial dis-
tance from the C1P headgroup. Thus, nonspecifi c electro-
static interactions may be the main contribution of Arg 57  and 
Lys 58  to C1P binding, which is supported by a small reduc-
tion in binding affi nity and cellular membrane transloca-
tion for these mutations. 

 An experimental analysis of cPLA 2  � -C2 and C1P 
interactions 

 To experimentally validate the MD output for the C1P 
binding site, a C1P analog devoid of the hydroxyl group on 
the sphingosine backbone  (  Fig. 6A  ) was compared with 

  Fig.   3.  Mutation of C1P binding residues abrogates cPLA 2  � ’s ability to translocate in A549 cells. Cells were seeded, transfected at 24 h, 
and imaged at 48 h with confocal microscopy. A: Cells expressing EGFP-WT-cPLA 2  �  or respective mutations were treated with 10  � M A 23187  
in DMSO to induce cPLA 2  �  WT and mutant translocation. B: The percent translocation and standard deviation were calculated from three 
independent experiments, where 26–66 cells were counted in each experiment. The data are shown as an average ± the standard deviation. 
Statistical analysis was completed by employing a Student’s  t -test to determine the  P  value for each mutation with respect to WT. * =  P  < 
0.0001, ** =  P  < 0.05. C: A display of the single point mutations mapped to the gray cPLA 2  � -C2 crystal structure (PDB 1CJY), where the 
cationic  � -groove is indicated by dark blue residues, control mutations in light blue, and the Ca 2+  ions in yellow.   
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of C1P, we also examined the binding orientation in the 
absence and presence of C1P. Recently, electron paramag-
netic resonance ( 44, 54, 55 ) and X-ray refl ectivity ( 45 ) 
studies have elucidated the cPLA 2  � -C2 domain orienta-
tion in the presence of POPC lipids; however, the orienta-
tion when C1P is present in the membrane is still unknown. 
We found that starting with the same orientation ( 44 ) as 
that with only POPC, the domain tilts by  � 10° toward the 
bilayer over the course of the simulation in the presence 
of C1P  (  Fig. 7  ). This tilting facilitates formation of stable 
H-bonds between cationic residues and the C1P head-
group. This observation is further supported by the fact 
that the C1P headgroup is much smaller in size than the 
POPC headgroup and is thought to be more deeply bur-
ied, and at physiological pH, the C1P acyl chains have 
been found to tilt away from the surface normal of the 
monolayer ( 56 ). Thus, Arg 59 , Arg 61 , and His 62  may further 
facilitate formation of hydrogen bonds by extending their 
side chains toward the bilayer (for instance Arg 59  in  Fig. 7B ), 
which has previously been shown for Lys and Arg residues 
in peptides that bind PA ( 57 ). 

 DISCUSSION 

 cPLA 2  � -C2 has previously been shown to deeply pen-
etrate PC membranes in a Ca 2+ - dependent manner 
( 10, 44, 45 ). Ca 2+  has been shown to act as an electrostatic 
switch, which reduces the negative charge surrounding 

translocation, suggesting that deoxy-C1P may act as a domi-
nant negative by masking the endogenous C1P present in 
A549 cells ( Fig. 6E, F ). Treatment with additional C1P had 
no statistical effect in the presence of A 23187 , as shown by 
83% translocation, because C1P binding is probably satu-
rated at the higher calcium concentration created by the 
ionophore ( Fig. 6E, F ). These results provide experimental 
evidence regarding the importance of the sphingosine 
backbone hydroxyl group of C1P as an interaction determi-
nant of the C2 domain ( Fig. 5C ). 

 Because His 62  was shown to hydrogen bond to C1P in 
the MD simulations, we sought to experimentally assess 
the pH dependency of this interaction compared with PC 
and PI(4,5)P 2 . Previously, His protonation at acidic pH 
was shown to enhance the affi nity of a number of phos-
phoinositide binding domains for phosphoinositides ( 53 ). 
Using SPR,  K  d  values at pH 6.0, 7.4, and 8.0 were deter-
mined for POPC, POPC-C1P (97:3), or POPC-PI(4,5)P 2  
(97:3) vesicles and demonstrate a strong relationship 
between pH and affi nity for C1P-containing vesicles ( Fig. 5B ). 
The interaction is 4-fold stronger at pH 6.0 than at pH 7.4 
and is further reduced at pH 8.0. In contrast, binding af-
fi nity to POPC or POPC-PI(4,5)P 2  vesicles was not infl u-
enced by pH. The pH dependence of selective binding 
provided additional experimental evidence to validate the 
importance of His 62  in the cPLA 2  � -C1P interaction. 

 The C2 domain tilts toward the membrane to bind C1P 
 To further characterize the interfacial membrane inter-

action that the cPLA 2  � -C2 domain forms in the presence 

  Fig.   4.  MD simulations of cPLA 2  � -C2 docking PC- and C1P-containing bilayers. A: The MD simulations were performed on six different 
systems: POPC with both Ca 2+  ions present (PC 2Ca 2+ ), POPC and one Ca 2+  ion present (PC 1Ca 2+ ), POPC without Ca 2+  present (PC), 
POPC-C1P with both Ca 2+  ions present (C1P 2Ca 2+ ), POPC-C1P with one Ca 2+  ion present (C1P 1Ca 2+ ), and POPC-C1P without Ca 2+  present 
(C1P). B: The MD output of cPLA 2  � -C2 docked to a POPC bilayer; or C: a POPC-C1P bilayer under variable conditions as defi ned in A.   
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reduced when C1P binding residues where mutated, we 
show that the cellular membrane binding capabilities of 
cPLA 2  � -C2 are not only Ca 2+  dependent but also appear 
to rely on the domain’s ability to specifi cally interact with 
C1P ( Fig. 3A, B ). The increased affi nity for C1P greatly 
affects the protein’s ability to stably localize to internal 
membranes, which is presumed to have a direct impact 
on the catalytic domain’s ability to produce AA. 

 At fi rst sight, C1P and PA look structurally very similar 
( Fig. 6A ), but note that there is a hydroxyl group on the 
sphingosine backbone capable of hydrogen bonding in C1P 
that is not present in the glycerophospholipid PA. Through 
the production of single mutations, the experimental data 
demonstrate that Arg 59 , Arg 61 , and His 62  are essential for in 
vitro affi nity for C1P ( Fig. 1D, E ). The MD simulations con-
fi rm C1P’s contribution to membrane binding and provide 
further insight regarding the importance of Arg 59 , Arg 61 , 
and His 62  to C1P binding ( Figs. 4–6 ). With this experimen-
tal and computational data, we modeled the binding site 
for the cPLA 2  � -C2 C1P interaction ( Fig. 5 ). Notice that Arg 59  
coordinates the hydroxyl group that is specifi c for C1P over 
PA in addition to the headgroup phosphate. This interac-
tion was further validated using deoxy-C1P, a synthetic C1P 
derivative lacking the hydroxyl group on the sphingosine 
backbone ( Fig. 6 ). The additional interaction with the back-
bone hydroxyl group supports the specifi city of the C2 do-
main for recognition of C1P over PA as demonstrated in 
earlier studies ( 19 ), inasmuch as neither the C2 domain nor 

calcium-binding loops and signifi cantly reduces the desol-
vation penalty ( 58 ) associated with membrane insertion. 
This allows the C2 domain to deeply insert into zwitteri-
onic membranes and also to drive cellular localization 
( 7, 9, 59 ). Most phospholipids contain a larger headgroup 
than C1P through the attachment of another molecule, 
meaning that phosphomonoester lipids (i.e., C1P and PA) 
are probably spatially embedded deeper into the mem-
brane interface. This is an important point in C1P binding, 
because although C1P does not induce C2 domain mem-
brane penetration ( 28 ), the current study demonstrates 
that membrane penetration is a prerequisite for the 
 � -groove to contact the C1P headgroup. Therefore, for pe-
ripheral proteins such as the C2 domain to bind to C1P 
specifi cally, they must penetrate deeply into the membrane. 
It has been reported that C1P has the ability to impact both 
the activity and the association of cPLA 2  �  ( 18, 24, 31 ), but 
much less is known about the molecular basis of C1P recog-
nition by the C2 domain. In this study, we have character-
ized the molecular mechanism of C1P recognition by the 
C2 domain of cPLA 2  �  using in vitro biophysical assays, cel-
lular translocation studies, and MD simulations. 

 It is established that the C2 domain of cPLA 2  �  binds 
specifi cally to membranes in a Ca 2+ - dependent manner, 
whereas the catalytic domain binds to membranes inde-
pendent of Ca 2+ , albeit weakly ( 6, 25 ). This functionality 
allows the C2 domain to act as a Ca 2+  sensor in cells. 
Because the translocation of cPLA 2  �  was signifi cantly 

  Fig.   5.  MD simulations demonstrate the selectivity of basic residues in H-bonding with the C1P headgroup. A: Predicted number of H-
bonds contributed by each residue in the basic patch during the MD simulation. B: SPR binding results for POPC (black bars), POPC-C1P 
(97:3) (white bars), or POPC-PI(4,5)P 2  (97:3) (gray bars) plotted as relative  K  d  value, with the  K  d  value for binding POPC-C1P vesicles at pH 
7.4 set to 1. Each  K  d  value was determined in triplicate at each pH value to calculate and average and a standard deviation. C: The predicted 
H-bonds from the MD simulation depict a C1P binding site that is supported by in vitro C1P binding and cellular translocation data.   
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 Now that we have shown the origin of C2 domain 
C1P binding, it is important to ask how this domain is 
able to locate a membrane-embedded C1P molecule. Pre-
vious studies have demonstrated that owing to its small 
phosphomonester headgroup, C1P would be slightly buried 
and also tilted   in a membrane at physiological pH ( 56 ). 
Because cPLA 2  � -C2 binds to PC membranes in a Ca 2+ - 
dependent manner, we hypothesize that this docking serves 
to allow the protein to sample the membrane for C1P. Upon 
locating a C1P, the domain locks down though a 10° shift 
toward the membrane ( Fig. 7C ). This shift increases the 
number of interactions with C1P and also enhances hydro-
phophobic interactions with the membrane for the adja-
cent calcium-binding loop. Because the C2 domain binds 
to membranes with increased affi nity, it orients the catalytic 
domain close to its corresponding substrate and also elon-
gates the membrane residence time of the enzyme ( 19, 28 ). 

cPLA 2  �  exhibits enhanced affi nity or cellular translocation 
in response to deoxy-C1P. In addition, binding studies con-
ducted at varying pH levels demonstrate that the C1P inter-
action is pH dependent, supporting the importance of His 62  
protonation in the C1P headgroup coordination ( Fig. 5B ). 
Perhaps this result is not surprising, inasmuch as His pro-
tonation has been shown to play a key role in phospho-
inositide binding ( 53 ); but to the best of our knowledge, 
this is the fi rst evidence that sphingolipid binding can be 
regulated by pH. The higher affi nity of the C2 domain for 
C1P in an acidic environment could have important physi-
ological implications, because cellular pH can vary during 
infl ammation ( 60 ) or cancer ( 61 ) with a more-profound 
acidic pH. Because cPLA 2  �  has been implicated in infl am-
matory diseases and cancers ( 15, 16 ), the pH dependence 
of cPLA 2  �  translocation and activation at acidic pH war-
rants further investigation. 

  Fig.   6.  cPLA 2  �  coordinates the sphingosine backbone hydroxyl group to bind specifi cally to C1P. A: Chemical structures of PA, C1P, and 
deoxy-C1P. B: SPR responses for POPC-C1P (97:3) (black) and POPC-deoxy-C1P (97:3) (gray) at 50 nM cPLA 2  � -C2 in buffer containing 
20 mM HEPES, 160 mM KCl, pH 7.4. C: A549 cells were seeded, transfected with EGFP-cPLA 2  �  for 24 h, and treated with vehicle (98% 
dodecane:2% ethanol), 500 nM C1P or 500 nM deoxy-C1P for 2 h, then subsequently imaged with confocal microscopy. D: Statistical analy-
sis of cells imaged in C. E: A549 cells were treated as stated in C, but were additionally treated with 10  � M A 23187  in DMSO for 15 min. 
Vehicle corresponds to dodecane-ethanol (98:2) plus DMSO. F: Statistical analysis of cells imaged in E. Data were collected in triplicate and 
quantifi ed using a Student’s  t -test. Error bars represent standard deviation. ** =  P  < 0.0002, * =  P  < 0.01.   
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and supplementary Fig. I) among C2 domains. The C1P 
binding site is localized to  �  strand 3 in the C2 domain and 
is sequential in nature, whereas PI binding sites in PKC �  
( Fig. 8C, and supplementary Fig. I ) and other C2 domains 
( Fig. 8D,  and supplementary Fig. I) are composed of 
charged and aromatic residues from  �  strands 3 and 4 as 
well as the adjacent calcium binding loop ( Figs. 8C, D,  and 
supplementary Fig. I). 

 The current study has identifi ed the conserved sequence 
RxRH in the cPLA 2  � -C2 domain as the C1P binding site. 
These residues are essential for C1P binding both in vitro 
and in a cellular system. Additionally, adjacent basic resi-
dues Arg 57  and Lys 58  preceding the RxRH motif play a role in 
anionic C1P binding, albeit weakly and more suggestive 
of nonspecifi c electrostatic effects ( 34 ). Amino acid sequence 
analysis of C2 domains indicates that the RxRH sequence 
is found in a similar position in at least three other C2 
domains ( Fig. 8F ). This includes the C2 domains of UV 
resistance-associated gene (UVRAG, alternatively called p63) 
and regulator of G-protein signaling 3 (RGP3) ( Fig. 8F ). 
Recently, the structure of RGP3 was solved (PDB ID: 3FBK), 
harboring a similar site for the RxRH motif on the interfacial 
binding surface of the  � -groove (see supplementary Fig. II). 
Interestingly, preliminary studies with UVRAG indicate 
its ability to bind C1P (Stahelin, R. V. and Chalfant, C. E., 
unpublished observations), suggesting that a subset of 
C2 domains may bind C1P. Recently, TACE has been shown 
to bind C1P specifi cally over PA and sphingonsine-1-
phosphate ( 30 ). Although the origin of TACE C1P speci-
fi city is unknown, TACE harbors several conserved cationic 
patches (RxRH-like sequences) ( 30 ). Further work will be 

Our results confi rm the previous reports that cPLA 2  � -C2 
binds with  � 10-fold higher affi nity to membranes con-
taining C1P and support the notion that C1P would negli-
gibly increase or induce membrane penetration ( 28 ) but 
would, rather, maximize hydrophobic contacts when bound 
to C1P. This also supports a mechanism in which dock-
ing to PC drives the binding whereas C1P serves as a 
coincidence detector to maximize cellular localization to 
sites enriched with C1P. 

 A large number of peripheral proteins and lipid binding 
domains act as coincidence detectors ( 62, 63 ). These pro-
teins contain either multiple lipid binding sites or the ability 
to recognize a membrane physical property such as charge 
or curvature in addition to a key target lipid. The role of 
coincidence detection in C2 domains was fi rst suggested 
by Fukuda and coworkers ( 64 ), who demonstrated the 
ability of the C2B domain of synaptotagmin II and IV to 
bind inositol polyphosphates. Subsequently, several C2 
domains were identifi ed as binding phosphoinositides 
through their  � -groove cationic residues  (  Fig. 8C, D  ) in 
both Ca 2+ -dependent and -independent modes ( 65 ). Bind-
ing to PI(4,5)P 2  is the most-common ascribed function of 
this patch in C2 domains, but binding can often be nonse-
lective for anionic lipids, inasmuch as the cationic patch 
is exposed, highly charged, and contains a less-defi ned 
pocket than selective PI-binding domains ( 53 ). In contrast, 
the C2 domain of cPLA 2  �  is selective for C1P over other 
anionic lipids ( 19 ), which is supported by in vitro and 
cellular studies but also a distinct  � -groove structure 
( Fig. 8A ). The C2 domain of cPLA 2  �  lacks consensus PI 
binding residues in both presence and position ( Fig. 8A  

  Fig.   7.  The C2 domain rotates upon membrane 
docking to bind C1P embedded in the membrane. A: 
The structural output from the cPLA 2  � -C2 MD simu-
lation in a POPC membrane docked to a C1P molecule. 
B: Arg 59  and Arg 61  shown in blue coordinating the C1P 
headgroup during the simulation. C: cPLA 2  � -C2 is 
shown with hydrophobic membrane-penetrating res-
idues (red), basic C1P binding  � -groove residues 
(blue), and Ca 2+  ions (yellow); the phosphorus atoms 
in the headgroups of the membrane lipids are repre-
sented by the gray dotted line. The shift in cPLA 2  � -C2 
required to bind to the phosphomonoester C1P is 
depicted, which results in a shift about the z-axis by 
 � 10° to reach the phosphate headgroup.   
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