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Abstract 

Phospholipase A 2 (PLA 2) catalyzed hydrolysis of asymmetric 1-caproyl-2-palmitoyl-phosphatidylcholine (6,16-PC) and 1-palmitoyl- 
2-caproyl-phosphatidylcholine (16,6-PC) lipid monolayers at the air/water interface was investigated. Surface pressure isotherms, surface 
potential and fluorescence microscopy at the air/water interface were used to characterize the asymmetric monolayer systems. Cobra (N. 
naja naja) and bee venom PEA 2 exhibit hydrolytic activity towards 6,16-PC and 16,6-PC monolayers at all surface pressures up to 
monolayer collapse (37 mN m-1). Pancreatic PLA 2 hydrolytic activity, however, was observed to be blocked at a lateral surface pressure 
of approx. 18 mN m -1 for both 6,16-PC and 16,6-PC monolayers. For 6,16-PC monolayers, fluorescence microscopy revealed that 
monolayer hydrolysis by PEA 2 from cobra, bee, and bovine pancreatic sources all produced monolayer microstructuring. Fluorescence 
microscopy also showed that P E A  2 is bound to these monolayer microstructures. Very little PLA2-induced microstructuring was 
observed to occur in 16,6-PC monolayer systems where caproic acid (C6) hydrolysis products were readily solubilized in the aqueous 
monolayer subphase. Surface potential measurements for 16,6-PC monolayer hydrolysis indicate dissolution of caproic acid reaction 
products into the monolayer subphase. Monolayer molecular area as a function of 6,16-PC monolayer hydrolysis time indicates the 
presence of monolayer-resident palmitic acid reaction products. With bovine serum albumin present in the monolayer subphase, P E A  2 
domain formation was observed only in hydrolyzed 6,16-PC monolayers. These results are consistent with laterally phase separated 
monolayer regions containing phospholipid and insoluble fatty acid reaction products from PLA 2 monolayer hydrolysis electrostatically 
driving P E A  2 adsorption to and enzyme domain formation at the heterogeneous, hydrolyzed lipid monolayer interface. 
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I .  Introduct ion 

Phospholipase A 2 (PLA2, EC 3.1.1.4) is an interfa- 
cially activated enzyme that catalyzes stereospecific hydro- 
lysis of  sn-2 acyl ester l inkages of  sn-3- 
glycerophospholipids [1], producing fatty acid and lyso- 
lipid products. It is well recognized that PLA 2 action 
towards lipid membrane interfaces (vesicles, multilamellar 
dispersions, and monolayers) is much higher than toward 
isotropically dispersed phospholipids [2]. Previously, our 

* Corresponding author. E-mail: grainger@lamar.colostate.edu. Fax: 
+ 1 (303) 4911801. 

0005-2736/95/$09.50 © 1995 Elsevier Science B.V. All rights reserved 
SSDI 0005 -273 6 ( 9 4 ) 0 0 3 1 6 - 5  

studies with coworkers have shown that PLA2-hydrolyzed 
phospholipid monolayers at the air/water interface exhibit 
two-dimensional (2-D) enzyme domains in the monolayer 
plane [3,4]. A scheme describing interracial P E A  2 domain 
formation has been proposed [3,4] where PEA 2 adsorbs 
electrostatically to phase separated regions enriched in 
fatty acid reaction products released by PEA 2 in the 
monolayer membrane. 

Using fluorescence microscopy at the air/water inter- 
face, we have recently investigated ternary mixed mono- 
layers of phospholipid, lyso-lipid, and fatty acid [5]. In 
complete absence of enzyme, negatively charged, phase 
separated domains resembling PLA 2 domains are observed 
in these ternary mixed monolayers and adsorb water-solu- 
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ble cationic fluorescent dyes. Ternary mixed monolayer 
phase separation and dye adsorption can be blocked by 
lowering monolayer subphase pH, indicating that the phase 
separated monolayer domains comprise negatively charged 
fatty acids. Moreover, the presence of Ca 2÷ in alkaline 
monolayer subphases is essential for fatty acid phase sepa- 
ration [5]. This is most likely related to the ability of Ca 2÷ 
to chelate multiple ionized fatty acid carboxylate head 
groups at the monolayer interface. Further work with 
binary mixed monolayers of lyso-lipid and fatty acid (no 
enzyme present) also showed that phase separation of fatty 
acid regions occurred simply in response to monolayer 
compression. Thus, compression of binary and ternary 
mixed monolayers containing lipid, lyso-lipid and fatty 
acid results in film phase separation, leading to monolayer 
regions comprising fatty acid [5]. 

In a separate study by coworkers [6], phase separated 
fatty acid regions were purported to also contain lyso-lipid 
and/or phospholipid since PEA 2 did not adsorb to later- 
ally phase separated, polymerized anionic diacetylenic car- 

boxylic acid domains in a fluid phospholipid monolayer 
matrix. Control experiments consisting of PLA 2 injection 
beneath pure palmitic acid or pure C16Lyso monolayers at 
the air-buffer interface did not result in the formation of 
regular 2-D enzyme domains similar to those evidenced in 
dipalmitoylphosphatidylcholine (DPPC) hydrolysis experi- 
ments [3,4]. Instead, we now show that PLA 2 can electro- 
statically bind pure palmitic monolayers, forming a homo- 
geneous, dense protein interfacial film having solid-like 
properties and lacking any resemblance to the enzyme 
domains. Pure lyso-lipid monolayers bind no detectable 
P E A  2 as  determined by fluorescence microscopy. 

Clearly, the presence of monolayer-resident fatty acid 
or lyso-lipid alone is insufficient in inducing PLA 2 domain 
formation that is observed during phospholipid monolayer 
hydrolysis. This is supported by previous work which 
showed that (1) enzyme domains form in partially hydro- 
lyzed phospholipid films when substrate is still present [4] 
and (2) phase separated regions of regular morphology are 
only observed in mixed monolayers when phospholipid is 
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Fig. 1. Reaction products of PLA2-catalyzed hydrolysis of (a) 6,16-PC and (b) 16,6-PC. 
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present. During lipid hydrolysis, membrane regions en- 
riched in fatty acid and most likely containing small 
amounts of lyso-lipid and/or  substrate are compelled to 
phase separate. While the presence of lyso-lipid and/or 
DPPC substrate may be important for PLA 2 interracial 
binding, phase separated fatty acid reaction products are 
crucial for domain formation. The presence of lyso-lipid 
and/or phospholipid substrate together with fatty acid 
appears to be essential to promote phase separation into 
the observed regular microstructure. If phospholipid is 
present in phase separated monolayer regions, the stoi- 
chiometry of phospholipid to fatty acid is unknown. 

According to the PLA2-fatty acid adsorption hypothe- 
sis, enzymatic hydrolysis of asymmetric phospholipids 
which contain short chain, water-soluble fatty acids in the 
sn-2 position should not produce two-dimensional enzyme 
domains. Dissolution of fatty acid reaction products into 
the bulk subphase should prevent lateral monolayer phase 
separation of fatty acids, thus inhibiting PLA 2 domain 
formation. Conversely, observation of PLA 2 domains upon 
hydrolysis of asymmetric phospholipids containing a long 
chain, water-insoluble fatty acid in the sn-2 position and a 
water-soluble lyso-lipid would suggest that the presence of 
the corresponding lyso-lipid species is not necessary for 
enzyme domain formation. 

We present here our investigations of PLA 2 hydrolysis 
of asymmetric phospholipid monolayers containing either 
1-caproyl-2-palmitoyl- and 1-palmitoyl-2-caproyl-sn-3- 
phosphatidylcholine (Fig. 1) at the air/water interface. 
Three different enzyme sources (bovine pancreatic, bee 
and N. naja naja venom) were used in this study. Asym- 
metric lipid hydrolysis at the air/water interface was 
characterized using film balance techniques, and 'cut-off' 
surface pressures for PLA 2 activity were determined. 
Dual-label fluorescence microscopy was employed to visu- 
alize lipid monolayer-enzyme interactions in situ. In addi- 
tion, measurement of surface potential and molecular area 
as a function of monolayer hydrolysis time allowed the 
characterization of the electrochemical properties of these 
hydrolyzed lipid monolayers. 

2. Materials and methods 

2.1. Materials 

zole method using the appropriate lyso-lipid (Avanti Polar 
Lipids, AL) and fatty acid in a ratio of 1:5:6 lyso-lipid/fatty 
acid/carbonyldiimidazole (Aldrich) as described previ- 
ously [7,8]. The asymmetric phospholipids were purified 
by elution through two silicic acid (Bio-Rad) columns with 
a CHC13/MeOH gradient. Analysis of the pooled PC 
fraction by thin layer chromatography revealed a single 
spot whose Rf was consistent with diacyl-PC. Isomeric 
purity was judged by two methods: 13C-NMR spec- 
troscopy and GC analysis after PLA 2 hydrolysis. The 13C 
chemical shifts of a-CH 2 carbons are sensitive to chain 
length (especially if one is relatively short) as well as sn-1 
versus sn-2 placement [8,9]. A natural abundance 13 C-NMR 
spectrum of 16,6-PC will exhibit more than 2 resonances 
for the a-carbon if a significant portion of 6,16-PC is also 
present; the detection limit by NMR is < 10%. Only two 
a-CH 2 resonances were visible in the 13C-NMR spectrum 
of each asymmetric lipid dissolved in CD3OD , consistent 
with contamination by the other isomer of < 10%. A more 
quantitative estimate of this value was provided by GC 
analysis of the fatty acids generated by PLA 2 hydrolysis 
of each preparation [9]. GC analysis of fatty acyl methyl 
esters prepared using BF3/methanol catalysis [10] of the 
two separate synthetic batches of 6,16-PC yielded 2.0 and 
4.4% contamination by caproic acid; for two separate 
batches of 16,6-PC, the contamination was 3.8 and 6.1% 
contamination by palmitic acid. Thus, each asymmetric PC 
is contaminated with the other isomer to, at most, 6%. 

R h o d a m  i n e - l a b e l e d  d i p a l m  i t o y l p h o s -  
phatidylethanolamine (DPPE-Rhod, head group-labeled, 
Molecular Probes, Eugene, OR), platelet activating factor 
(PAF, Sigma), 1-palmitoyl-2-hydroxyphosphatidylcholine 
(Avanti Polar Lipids) and palmitic acid (Fluka, puriss 
grade) were used as received. Fluorescein-conjugated 
phospholipase A 2 (FITC-PLA 2) was prepared as previ- 
ously reported [11]. Protein concentrations were deter- 
mined using the method of Smith et al. [12] and UV 
absorption spectra typically yielded statistical labeling effi- 
ciencies of 0.5 FITC/PLA 2. NaCI (Chempure, > 99.9%), 
CaCI 2 (Chempure, > 99.9%), tris(hydroxymethyl)amino- 
methane (Sigma, > 99.9%) and bovine serum albumin 
(Sigma, < 0.005% fatty acid content, globulin free) were 
used as received. Monolayer subphases were either Milli- 
pore Nano-pure water ( >  18 Mf l  cm -1 resistivity) or 
NaC1/Tris/CaCl 2 (100:10:5; mmol) buffer with pH ad- 
justed to 8.9 using 1.0 M HC1. 

Bee venom and bovine pancreatic PLA 2 were pur- 
chased from Boehringer-Mannheim and Sigma, respec- 
tively, and used without further purification. N. naja naja 
venom PLA 2 was either kindly purified and supplied by 
Prof. M. Gelb (University of Washington) or purchased 
from Sigma. Both sources led to the same results. Asym- 
metric phospholipids 1-caproyl-2-palmitoyl-sn-3-phospha- 
tidylcholine and 1-palmitoyl-2-caproyl-sn-3-phosphatidyl- 
choline (Fig. 1) were synthesized by the fatty acid imida- 

2.2. Monolayer compression isotherms 

Surface pressure-area isotherms were measured with a 
KSV 3000 Langmuir-Blodgett film balance (KSV Instru- 
ments, Helsinki, Finland). Monolayer compression rates 
were 1.1 ,~2 molecule-1 min-k  Typically, 80 /zl of 
chloroform-dissolved lipid was spread at the air/buffer 
interface. To allow for solvent evaporation, monolayer 
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compression began 10 min after monolayers were spread. 
Isotherms were carried out in triplicate and were measured 
at 30 ° C. 

2.3. Surface potential and surface hydrolysis measure- 
ments 

Monolayer surface potential (AV) was measured with 
an 241Am electrode (Nuclear Radiation Development, Grand 
Island, NY) positioned approx. 1-2  mm above the sub- 
phase. A platinum reference electrode was immersed in the 
subphase behind the compression barrier. Molecular area 
and surface potential were simultaneously monitored as a 
function of hydrolysis time at constant surface pressure 
using a personal computer. Lipid monolayers were spread 
and then compressed at 2 A 2 molecule -1 min -1 to a 
surface pressure of 15 mN m -1. PLA 2 (20 /~g) was 
subsequently injected at the mouth of a milled circular 
Teflon mask with gentle agitation in order to allow a 
uniform distribution of the enzyme [3]. This mask was 
located beneath the surface potential electrode. The size 
and design of this mask were chosen to eliminate flow of 
the subphase outside the mask and used under conditions 
described by Verger for a zero-order trough [13]. 

2.4. Fluorescence microscopy 

Fluorescence microscopy at the air/water interface was 
carried out on home-built mini-troughs (surface area = 9.6 
cm 2 in Oregon and 50 cm 2 in Qu6bec) mounted on stages 
of Zeiss ACM or Nikon epifluorescence microscopes (in 
Oregon and Qu6bec, respectively). Each microscope was 
outfitted with optical filters to selectively excite and detect 
fluorescence emission of rhodamine (monolayer probe) 
and fluorescein (enzyme label). Monolayer compression 
rates were typically 2 ,~2 molecule-1 min-1. PLA2 was 
injected into the monolayer subphase (approx. 5 /xg) from 
behind the trough barrier at 15 mN m -1. When BSA was 
used, PLA 2 injection always followed BSA addition (30 
min after BSA injection). Monolayer subphase BSA con- 
centration was 25 nM. Fluorescence experiments were 
carried out at 30 ° C. Fluorescence images were photo- 
graphed directly from the video monitor screen (in Ore- 
gon) or printed by use of a Sony video printer (in Qu6bec). 

3. Results 

Surface pressure-area isotherms for 6,16-PC and 16,6- 
PC on buffered subphases are shown in Fig. 2. Monolayer 
compression isotherms for both lipids are nearly identical 
and exhibit only liquid-expanded behavior with no appar- 
ent phase transitions. Onsets of surface pressure occur at 
175 .~2 molecule-1 for both monolayers with collapse at 
37 mN m -1 and 52 ,~2 molecule-1. Pure 6,16-PC and 
16,6-PC monolayers are very stable as Aarea/Atime is 
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Fig. 2. Monolayer compression isotherms for 16,6-PC (--) and 6,16-PC 
(---). Compression rate is 1.1 ~2 molecule-1 min-1. Subphase condi- 
tions: 100 mM NaC1, 5 mM CaC12, 10 mM Tris (pH 8.9), T = 30 ° C. 

0.02 ,~2 molecule-1 min-1 at a constant surface pressure 
of 30 mN m -1. 16,6-PC monolayers collapse at low 
pressures (37 mN m -1) and at a molecular area of 52 .~2 
molecule -~. Comparison of 16,6-PC with DPPC monolay- 
ers at the air/water interface shows that the 10 carbon 
difference in the sn-2 acyl chain length leads to very 
different monolayer phase behavior. 16,6-PC does not 
undergo any detectable phase transitions (even at 5 ° C) as 
observed by fluorescence microscopy and surface pressure 
isotherms. Monolayer compression isotherms and fluores- 
cence microscopy of DPPC show a phase transition char- 
acterized by a coexistence of solid and fluid monolayer 
phases [14,15]. 16,6-PC monolayers at 30°C collapse at 
low pressures (37 mN m - l )  and at a molecular area of 52 
,~2 molecule-1. In contrast, DPPC monolayers are well- 
known to collapse at high surface pressures (70 mN m -1) 
at 53/~2 molecule-1 at the same temperature [14]. Com- 
paring 16,6-PC (or 6,16-PC) molecular areas at monolayer 
collapse with DPPC collapse areas (above critical tempera- 
ture, T c) we find that these collapse areas are similar (52 
~2 molecule-1 for 16,6-PC and 6,16-PC, and 53 .~2 
molecule -1 for DPPC at 43°C [14]). Thus, fluid mono- 
layer packing for 16,6-PC and 6,16-PC resembles fluid 
phase DPPC monolayer packing above T c. Interestingly, 
interchanging the palmitic and caproic acid acyl chains in 
phosphatidylcholine positional isomers has little effect on 
observed physical monolayer properties. 

N. naja naja and bee venom PLA 2 exhibit hydrolytic 
activity towards both 6,16-PC and 16,6-PC at all lateral 
surface pressures up to monolayer collapse, while pancre- 
atic PLA 2 exhibits hydrolytic activity only at lower pres- 
sures. Decreasing monolayer surface pressures for each 
lipid step-wise from 30 mN m -1, the upper surface pres- 
sure onset of pancreatic PLA 2 hydrolytic activity was 
found to be approx. 18 mN m -1 for both 16,6-PC and 
6,16-PC (data not shown). Blocking of pancreatic PLA 2 
hydrolytic activity at high monolayer surface pressures has 
been similarly reported using dinanoylphosphatidylcholine 
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Fig. 3. Surface potential ( - - )  and molecular area ( - - - )  versus 16,6-PC 
monolayer hydrolysis time at constant surface pressure (15 mN m-1 ). 20 
/zg cobra PLA 2 injected into monolayer subphase at point B. Subphase 
conditions: same as in Fig 2. 

substrate monolayers [16]. This previous work showed 
source-specific cut-offs: cobra and bee venom PLA 2 ex- 
hibited hydrolytic activity up to monolayer surface pres- 
sures of 34.8 and 35.3 mN m -1, respectively, while pan- 
creatic PLA2-catalyzed lipid monolayer hydrolysis oc- 
curred only at much lower surface pressures (16.5 mN 
m - l ) .  

As shown in Figs. 3 and 4, lipid molecular area and 
surface potential (AV) at constant surface pressure (15 
mN m - l )  are plotted as a function of hydrolysis time for 
N. naja naja PLA2-catalyzed hydrolysis of 16,6-PC and 
6,16-PC monolayers, respectively. Three distinct regions 
can be seen in these curves. The first segment, AB, 
corresponds to stable monolayer molecular area at 15 mN 
m-1 as a function of time for both pure lipid monolayers 
prior to the introduction of PLA 2. PLA 2 was injected into 
the monolayer subphase at point B (see arrow). An imme- 
diate decrease in molecular area and surface potential after 
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Fig. 4. Surface potential ( - - )  and molecular area ( - - - )  versus 6,16-PC 
monolayer hydrolysis time at constant surface pressure (15 mN m- z ). 20 
/zg cobra PEA 2 injected into monolayer subphase at point B. Subphase 
conditions: same as in Fig. 2. 

enzyme injection is apparent, and continues until point C is 
reached. Point C corresponds exactly to the point where 
extrapolated segments BC and CD cross: the end of mono- 
layer hydrolysis. Segment CD shows molecular area of the 
hydrolysis products remaining at the surface once hydroly- 
sis is complete. This last segment reflects the stability of 
the remaining hydrolyzed mixed film. 

Upon completion of 16,6-PC monolayer hydrolysis (Fig. 
3, point C'), short chain caproic acid reaction products 
(Fig. 1) should be solubilized in the monolayer subphase, 
with monopalmitoyl-PC (C16Lyso) remaining at the air- 
buffer interface. Molecular area at the end of 16,6-PC 
hydrolysis should thus correspond to the area of a pure 
C16Lyso monolayer at this surface pressure (50 .~2 mole- 
cule- 1 ). Fig. 3 shows that molecular area for PLA 2-hydro- 
lyzed 16,6-PC monolayers decreases from 74 to 49.5 .~2 
molecule -1 (from point B' to C'), almost identical to the 
area of a pure C16Lyso monolayer under these conditions. 
Slow decreases in molecular area subsequently observed in 
segment C'D' from 49.5 to 45 ,~2 molecule-1 are due to 
the intrinsic instability of the residual C16Lyso monolayer. 
Indeed, pure C16Lyso monolayers compressed to 15 mN 
m-1 show time-dependent molecular areas which slowly 
decrease with a slope very similar to the slope of segment 
C'D' (data not shown). 

Similarly, in Fig. 3 the observed decrease in surface 
potential from 357 to 248 mV (from point B to C) upon 
PLA 2 hydrolysis is due to the change in the electrochemi- 
cal properties of the film. The surface potential for pure 
16,6-PC monolayers before PLA 2 hydrolysis (point B, 357 
mV) decreases to a value (point C, 248 mV) close to the 
surface potential for pure C16Lyso monolayers (220 mV, 
data not shown) under the same conditions. In contrast to 
molecular area data, the slope of segment CD remains 
nearly zero once PLA 2 hydrolysis is complete with only a 
small observable increase in surface potential (248 to 257 
mV) over time. For this experiment, we have estimated 
that the 6% 6,16-PC impurity can lead to a difference of 
approx. 10 mV in the final value for the surface potential 
and approx. 3 ,~2 molecule-1 in the final molecular area. 
It is thus clear that such a small difference does not affect 
our results. 

Similar behavior can be seen in Fig. 4 for N. naja naja 
PLA2-catalyzed hydrolysis of 6,16-PC monolayers. How- 
ever, in this case, palmitic acid reaction products remain at 
the interface and the monocaproyl-PC (C6Lyso) product is 
solubilized in the monolayer subphase (Fig. 1). Dissolution 
of C6Lyso leads to very large decreases in molecular area 
(from 74 to 19 .~2 molecule-i, segment B'C') and in 
surface potential (from 328 to 100 mV, segment BC). 
Monolayer molecular area at point C' very closely matches 
the area for pure ~almitic acid monolayers under these 
conditions (19.4 .A, 2 molecule -1 [5,17]). However, the 
surface potential at point C (100 mV) is much larger than 
that for pure palmitic acid monolayer under similar condi- 
tions ( - 3 0  mV, data not shown). We have estimated that 



400 K.M. Maloney et al. / Biochimica et Biophysica Acta 1235 (1995) 395-405 

Monolayer Filter Enzyme Filter 



K.M. Maloney et al. / Biochimica et Biophysica Acta 1235 (1995) 395-405 401 

the 4% 16,6-PC impurity leads to a difference of approx. 5 
mV in the final surface potential measurements and 1 
square angstrom per molecule in the final film molecular 
area. These small differences can also be neglected and do 
not affect our results. A flat plateau in surface potential is 
observed when lipid hydrolysis is complete (segment CD), 
whereas a steady decrease in molecular area is observed 
from point C' to D'. This decrease in molecular area is due 
to the intrinsic instability of pure palmitic acid monolayers 
under these conditions. Pure palmitic acid films com- 
pressed to 15 mN m -1 show molecular areas which de- 
crease slowly over time. This rate of change in molecular 
area is similar to that seen in the slope of segment C'D'. 
Use of bee or pancreatic PLA 2 produces surface potential 
and molecular area kinetics similar to that shown in Figs. 3 
and 4 for the cobra PLA a. 

PLA 2 action on 6,16-PC and 16,6-PC monolayers was 
further characterized using dual-label fluorescence mi- 
croscopy at the air/water interface. Fig. 5 shows fluores- 
cence micrographs of PLA2-hydrolyzed 6,16-PC monolay- 
ers after 90 min. Image pak 5a and b correspond to N. 
naja naja PLA2-hydrolyzed monolayers while c and d, and 
e and f correspond to bee venom and bovine pancreatic 
PLA2-hydrolyzed monolayers, respectively. Figs. 5a, c, 
and e are imaged through a rhodamine-specific filter, 
revealing the location of lipid monolayer (Rhod-DPPE) 
probe approx. 90 min after enzyme injection. Phase sepa- 
rated gray regions surrounded by brighter fluid phase lipid 
are evident. These domains appear gray due to selective 
partitioning and enrichment of the rhodamine-labeled lipid 
probe into the surrounding fluid monolayer phase [15,18]. 
Figs. 5b, d, and f are imaged with a fluorescein-specific 
filter and show the location of fluorescein-labeled PLA 2 
[3,4]. The location of FITC-PLA 2 consistently corresponds 
to the phase separated gray regions shown in micrographs 
5a, c, and e, supporting adsorption of PEA 2 specifically to 
these areas. 

In contrast, several hours are necessary to observe any 
P E A  2 domain formation upon hydrolysis of fatty acid- 
soluble 16,6-PC lipid monolayers. P E A  2 domains that are 
observed after long waiting periods are smaller and fewer 
in number than PEA 2 domains observed with fatty acid-in- 
soluble 6,16-PC monolayer hydrolysis (Fig. 6). They also 
lack any appreciable regular morphology. Moreover, addi- 
tion of fatty acid-binding bovine serum albumin (BSA) to 
the 16,6-PC monolayer subphase results in total suppres- 
sion of PEA 2 domain formation. Several control experi- 
ments were conducted to assess the possibility that lipid 
impurities in 16,6-PC monolayers might be responsible for 

Fig. 6. Fluorescence micrograph of cobra PLA 2 hydrolyzed 16,6-PC 
monolayers as viewed through a fluorescein filter. Same experimental 
conditions as in Fig. 2. Scale bar = 50/.~m. 

the observed PEA 2 domain formation. In particular, lipid 
positional isomers as by-products of the synthesis and acyl 
chain migration products could contribute to the presence 
of 6,16-PC contaminants in otherwise pure 16,6-PC sam- 
ples. As described in the experimental section, 16,6-PC 
lipid samples contained between 3.8 and 6.1% 6,16-PC. 
Given this level of impurity in the 16,6-PC lipid sample, a 
completely hydrolyzed 16,6-PC monolayer should consist 
of 94% C16Lyso (from 16,6-PC) and 6% palmitic acid 
(from the 6,16-PC impurity). The caproic acid and C6Lyso 
reaction products from 16,6-PC and 6,16-PC, respectively, 
are solubilized. Therefore, a binary mixed monolayer con- 
sisting of 94% C16Lyso and 6% palmitic acid would be 
expected from this experiment in the worst case. To test 
this scenario for possible influence o n  P E A  2 domain for- 
mation, a monolayer of 94% C16Lyso and 6% palmitic 
acid was compressed to 15 mN m -1 and imaged using 
fluorescence microscopy. Results showed that at 15 mN 
m-1, the monolayer remained completely fluid, showing 
no evidence of palmitic acid phase separation within the 
microscope's resolution. Moreover, compression of this 
binary mixed monolayer to 15 mN m -1 followed by 
injection of FITC-labeled P E A  2 into the subphase lead to 
no observable enzyme domain formation even after a 10 h 
incubation period. Based on the enzyme domain data 
presented in Fig. 6, and the results of the preceding control 
e x p e r i m e n t s ,  P E A  2 domain formation in the 16,6-PC case 
does not appear to be due to the 6% 6,16-PC impurity 
found in 16,6-PC lipid samples. 

Fig. 5. Fluorescence micrographs of PEA 2 hydrolyzed 6,16-PC monolayers 90 min after enzyme injection. Micrographs in a, c, and e were imaged 
through a rhodamine-specific fluorescence filter whereas b, d, and f were imaged through a fluorescein-specific fluorescence filter. Phase separated regions 
observable in a, c and e correspond exactly to the location of FITC-labeled PLA 2 fluorescence in b, d and f. Image pairs a-b, c-d and e-f correspond to 
cobra, bee and pancreatic PLA z hydrolyzed monolayers, respectively. Monolayer hydrolysis was carded out at constant surface pressure (15 mN m-1 ). 
Subphase conditions: same as in Fig. 2. Scale bar in a is 25 /.Lm. 
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Addition of BSA to 6,16-PC monolayer subphases dur- 
ing PLA2-catalyzed hydrolysis does not have any effect 
upon PLA 2 domain formation. Additionally, identical hy- 
drolysis experiments performed with PLA 2 using platelet 
activating factor (PAF, 1-O-alkyl-2-acetyl-sn-3-phospha- 

tidylcholine) result in the formation of water-soluble acetic 
acid and a long-chain surface active lyso-lipid were com- 
pared with the behavior of 16,6-PC. PLA 2 hydrolysis of 
PAF monolayers failed to produce PLA 2 domains at the 
air/buffer interface as evidenced by fluorescence mi- 
croscopy (data not shown). Significantly, pure monolayers 
of palmitic acid and lyso-lipid were each exposed to 
fluorescent-labeled PLA 2. Both experiments failed to pro- 
duce monolayer domains resembling that from other hy- 
drolysis experiments. While lyso-lipid monolayer experi- 
ments were identical to PAF results (i.e., no observable 
enzyme binding), pure palmitic acid monolayers promoted 
homogeneous adsorption of enzyme to the interface, pro- 

ducing condensed protein films shown in Fig. 7a. These 
adsorbed PLA 2 films do no exhibit any microstructure 
except where regions of the PLA2-palmitic acid film are 
devoid of protein (no fluorescence). Regions devoid of 
PLA 2 appear to be due to the protein-fatty acid film 
cracking in response to uncontrolled monolayer surface 
flow. Moreover, upon monolayer expansion after adsorp- 
tion at a lateral pressure of 15 mN m-1, additional defect 
sites are apparent, suggesting the protein fatty acid com- 
posite film fractures even further (Fig. 7b). Indicative of a 
solid-state film, this property is inconsistent with results 
from previous enzyme domain formation in other mono- 
layer systems where PLA 2 domains were not observed to 
undergo deformation or fracture at high or low surface 
pressures [3-6]. 

4. Discussion 

Fig. 7. Fluorescence micrographs of fluorescein-labeled P L A  2 adsorbed 
to monolayers of pure palmitic acid (a) after enzyme injection at constant 
lateral surface pressure of 15 mN m -1 . (b) Same monolayer decom- 
pressed to lateral surface pressure of 0 mN m-1, showing solidified film 
fracture involving both protein and fatty acid. No regular enzyme mi- 
crostructures are observed. No lipid fluorescent probe is present: signal is 
only associated with membrane localized PLA z. Scale bar = 50 /zm 
(same as Fig. 6). Subphase same as in Fig. 2. 

We and coworkers have previously proposed that, under 
suitable conditions, critical amounts of PLA2-produced 
fatty acids lead to hydrolyzed monolayer lateral phase 
separation of negatively charged fatty acids [3,4]. Posi- 
tively charged PLA 2 amino acid residues, known from the 
three-dimensional crystal structures of these enzymes to 
form surface-exposed cationic patches [19-21], then bind 
electrostatically to negatively charged fatty acid mi- 
crostructures. PLA 2 hydrolysis studies using isomeric 
asymmetric phospholipid monolayers that produce water- 
soluble fatty acid products in one case and water-soluble 
lyso-lipid in another (Fig. 1) have been used in this work 
to help elucidate the mechanism of enzyme domain forma- 
tion. 

The central tenet of the enzyme domain formation 
hypothesis is that PLAz-produced fatty acid reaction prod- 
ucts laterally phase separate after hydrolysis, with electro- 
statically driven enzyme adsorption either concomitant with 
or subsequent to this monolayer microstructuring [3,4]. 
Consequently, if fatty acid reaction products are removed 
from the monolayer interface, P E A  2 adsorption would be 
inhibited. This is accomplished using enzyme-produced 
water-soluble fatty acid reaction products such as the 
16,6-PC substrate (Fig. 1). 

Surface potential and molecular area data after hydroly- 
sis of 16,6-PC (Fig. 3) closely correspond to that of pure 
C16Lyso. This directly supports rapid solubilization of 
short-chain caproic acid products into the subphase during 
hydrolysis. However, fluorescence microscopy does not 
entirely support this conclusion. Small PLA 2 domains are 
still observed with microscopy after long periods of incu- 
bation (Fig. 6). If the hypothesis is correct, caproic fatty 
acids should be associated with these PLA 2 domains at the 
interface. These results could be explained by the well 
known interactions between PLA: and solubilized fatty 
acids [22] which would occur in the bulk subphase, pro- 
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moting delayed enzyme adsorption to the interface. PLA 2 
interaction with soluble caproic acid in the subphase by an 
acylation mechanism or simply ion-pair formation with 
basic amino acids [22] would render the enzyme more 
surface active and promote interfacial domain formation. 

Although the precise mechanism remains unelucidated, 
the involvement of caproic acid in the formation of these 
small PLA 2 domains has been clearly demonstrated by 
removing surface-bound or water-solubilized fatty acids 
with the BSA-fatty acid binding protein. 

In addition to PLA2-fatty acid interactions, the affinity 
of bovine serum albumin to solubilized fatty acid species 
is also well documented [23]. PLA 2 hydrolysis of 16,6-PC 
monolayers with BSA in the monolayer subphase yields no 
observable interfacial enzyme aggregation (even after long 
incubation periods). Addition of BSA thus completely 
prevents formation of PLA 2 domains. In accord with our 
adsorption hypothesis [4-6], enzyme-produced water-solu- 
ble fatty acid apparently leaves the interface, thereby pre- 
venting monolayer fatty acid interfacial aggregation, the 
critical step for PLA 2 domain formation. 

In PLAa-hydrolyzed 6,16-PC monolayer systems, reac- 
tion products are the water-soluble monocaproyl-PC 
(C6Lyso) and the water-insoluble palmitic acid (Fig. 1). 
Since palmitic acid remains in the monolayer after hydrol- 
ysis, positively charged PLA 2 surface residues are able to 
interact electrostatically with anionic fatty acid carboxylate 
head groups resident at the interface, forming 2-D domains 
as evidenced by fluorescence microscopy (see Fig. 5). 
Results in Fig. 4 show that monolayer molecular area 
reaches that expected for palmitic acid (point C) after 
hydrolysis, suggesting that it is the only product remaining 
at the interface. However, the surface potential at the end 
of the hydrolysis (point C, 100 mV, Fig. 4) does not 
correspond to that for pure palmitic acid at this surface 
pressure ( -  30 mV). 

For net neutral monolayers like phosphatidylcholine and 
lysophosphatidylcholine, the surface potential depends 
mainly on the vertical component of the resultant dipole 
moment of the molecules present at the interface. Thus, net 
neutral compounds, 16,6-PC, 6,16-PC and lyso-lipid, con- 
tribute the following dipole moments to the observed 
surface potential: the terminal methyl at the end of each 
fatty acid chain, the carbonyl group (one for each fatty 
acid), the ester bond between each fatty acid and the 
glycerol backbone, the dipole between the negative charge 
on the phosphate moiety and the positive charge on the 
choline quaternary nitrogen (see Fig. 1) as well as oriented 
interracial water molecules [24]. 

Once the hydrolysis of 6,16-PC is completed (point C, 
Fig. 4), only the fatty acid hydrolysis product should 
contribute to the observed surface potential: all lyso-lipid 
species should be solubilized into the subphase (as evi- 
denced by the observed molecular area). Monolayer-resi- 
dent palmitic acid bears a net negative charge on the 
carboxyl residue (Fig. 1) at the experimental pH (8.9). 

Thus, in this case, in addition to the contribution from the 
vertical dipole moment, the surface potential also results 
from the presence of an ionized monolayer (negative 
charge) which leads to a potential difference between the 
surface and the bulk of the pure subphase [25]. The 
observed large decrease in surface potential after PLA 2 
film hydrolysis is due to the removal of dipole moments 
contributed by lyso-lipid species and the formation of a 
new ionized species (palmitic acid). However, a large 
difference exists between the observed final value of sur- 
face potential (100 mV) and that expected ( - 3 0  mV) for a 
film of pure palmitic acid. The only apparent explanation 
is the contribution of adsorbed PLA2 to the surface poten- 
tial. As observed in Fig. 5, PLA 2 forms numerous, large, 
two-dimensional domains after 6,16-PC hydrolysis. Any 
charge or dipolar contribution from surface-bound PLA 2 
will continuously change the surface potential during the 
course of formation of these PLA 2 domains. When consid- 
ering the size of these domains (see Fig. 5) and the number 
of charges and dipoles present in this enzyme (e.g., pI  of 
N. naja naja PLA 2 is 4.95 [26]), this large difference (130 
mV) between the surface potential at the end of the 
hydrolysis and that for pure palmitic acid is not surprising. 
This result also strongly suggests that bound PLA 2 does 
not change the molecular area (or surface pressure) of the 
fatty acid monolayer. PLA 2 in these domains thus does 
not significantly protrude into the fatty acid monolayer, 
contrary to what is observed when a phospholipid mono- 
layer is present. In this case, enzyme-substrate recognition 
and binding occurs and, in order to hydrolyze the phospho- 
lipid monolayer, PLA 2 must at least partially penetrate 
into the substrate monolayer. The result is the frequent 
observation of small increases ( <  5 mN m -1) in surface 
pressure at hydrolytic onset. In the present case, the data 
suggest that PLA 2 does not protrude into the fatty acid 
monolayer because it does not change the final molecular 
area. Nevertheless, the surface potential properties of the 
film are drastically affected by its presence. It is thus 
proposed that the interfacial binding of PLA 2 onto final 
palmitic acid films involves electrostatic interactions. This 
is supported by results of PLA 2 adsorption to pure palmitic 
acid films (Fig. 7) where homogeneous and uniform PLA 2 
adsorption actually solidifies the film by electrostatic inter- 
actions. 

BSA experiments were also performed with 6,16-PC 
monolayers to determine if BSA was able to remove or 
block monolayer resident palmitic acid reaction products. 
Results of these experiments with N. naja naja, bee 
venom, and pancreatic hydrolyzed monolayers are all al- 
most identical to those of Fig. 5, showing identical loca- 
tions for phase separated gray monolayer regions and 
FITC-labeled PLA 2. Apparently, BSA cannot bind or re- 
move surface-resident, largely water-insoluble palmitic acid 
reaction products. This result is consistent with previous 
investigations showing BSA is unable to bind interfacial 
long-chain fatty acids [27]. Furthermore, BSA is unable to 
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remove palmitic acid from the interface and, therefore, is 
not effective in inhibiting formation of PLA 2 domains. 

The goal of our research is to elucidate the mechanism 
of PLA 2 domain formation in hydrolyzed lipid monolay- 
ers. The data presented here show that release of PLA 2- 
produced water-soluble fatty acid reaction products from 
16,6-PC into the subphase inhibits enzyme domain forma- 
tion, indicating monolayer-bound fatty acids play an essen- 
tial role in both the monolayer phase separation and the 
enzyme binding events. 

Our and coworkers' previous work [5,6], demonstrated 
with DPPC/C16Lyso/palmitic acid (0.2:1:1; mol/mol) 
ternary mixed monolayers that lateral phase separation was 
observed at basic pH in the presence of calcium even in 
the absence of PLA 2, yielding monolayer lipid domain 
morphologies that are similar to PLA 2 microstructures yet 
without enzyme. The DPPC/C161yso/palmitic acid 
ternary mixed monolayers used in these phase-separation 
studies represented monolayer compositions present at dif- 
ferent extents of enzyme hydrolysis (PLA 2 was absent, yet 
phase separation still occurs). In addition, we observed 
binding of cationic water-soluble carbocyanine dyes to the 
phase separated domains in DPPC/C16Lyso/palmitic acid 
(0.2:1:1) ternary mixed monolayer systems [5], showing 
that phase-separated domains in the monolayer are nega- 
tively charged (fatty acid enriched). We also showed that 
phase separation of negatively charged domains in 
DPPC/C16Lyso/palmitic acid ternary mixed monolayers 
could be readily blocked by removing Ca 2÷ from the 
subphase, as evidenced by fluorescence microscopy [5]. 
Since divalent cations are well known to induce lateral 
phase separation in negatively charged monolayers at the 
air/water interface [28], this further supports our con- 
tention. Furthermore,  reducing the pH of 
DPPC/C16Lyso/palmitic acid (0.2:1:1) monolayer sub- 
phases (with Ca 2+ present in subphase) did not inhibit 
phase separation [5], but we were unable to observe cationic 
dye binding to these monolayer domains. Thus, electro- 
static interactions in heterogeneous ternary mixed mono- 
layers comprising diacylphosphatidylcholines (PLA 2 sub- 
strates), lyso-lipid and fatty acid reaction products are 
essential determinants of monolayer phase behavior. These 
previous results and those presented in this paper support 
the conclusion that PLA2-produced fatty acids play a 
crucial role in controlling both subsequent enzyme interra- 
cial response and the formation of enzyme domains. 

Compared to results reported by Reichert and cowork- 
ers [6], work presented here extends and complements 
what is known about these monolayer systems. Phase 
separation in model ternary mixed or PLA2-hydrolyzed 
monolayers leading to dye or enzyme binding only occurs 
in the presence of both membrane-resident phosphatidyl- 
choline and fatty acid. Fluorescence microscopy of phase 
separated ternary mixed monolayers reveals that these 
regions are gray [5,6], not black, indicating that small 
amounts of monolayer fluorescent lipid probe are present 

in phase separated regions. This suggests these regions are 
not highly condensed. If fluorescent-labeled lipid probe is 
present in these regions, it is not surprising that unlabeled 
phospholipid may also be present. This is consistent with 
results from Reichert and coworkers that showed PLA 2 
would not bind to phase separated, condensed diacetylenic 
fatty acid regions within a fluid D-DPPC matrix [6]. These 
observations support the contention that, during ternary 
mixed monolayer compression [5,6] or PLA2-mediated 
monolayer hydrolysis [3,4], phospholipid substrate be- 
comes entrapped in monolayer regions enriched in fatty 
acid. This is also consistent with the observation that 
PLA 2 forms domains in hydrolyzed monolayer systems 
before phospholipid hydrolysis is complete. Electrostati- 
cally driven PLA2-membrane interactions coupled with 
specific PLA2-substrate binding appear necessary to form 
regular phase separated enzyme domains. 

The shapes of PLA 2 domains in hydrolyzed DPPC and 
6,16-PC systems are dissimilar. As previously reported, 
bean-shaped enzyme domains form in response to enan- 
tiomerically pure DPPC monolayer hydrolysis [3,4]. 
Bean-shaped microstructures are also observed during 
compression of ternary mixed monolayers containing enan- 
tiomerically pure DPPC, C16Lyso and palmitic acid 
(0.2:1:1) [5]. Significantly, DPPC is well known to exhibit 
chiral lipid domains at the air/water interface in the phase 
transition region [15,18,29,30]. DPPC chiral lipid domains 
may also play a role in orchestrating PLA 2 interfacial 
self-assembly. This property may also apply to chiral 
C16Lyso even though it lacks a phase transition and does 
not form monolayer domains on the microscopic scale [5]. 
Hydrolysis of 6,16-PC monolayers results in irregularly 
shaped PLA 2 domain formation (Fig. 5). Obtaining regu- 
lar, bean-shaped PLA 2 domains observed during DPPC 
hydrolysis may depend on the presence of DPPC and/or 
lyso-lipid trapped in fatty acid enriched membrane regions. 
In 6,16-PC systems, lyso-lipid reaction products are solubi- 
lized during hydrolysis resulting in conversion to a pure 
fatty acid monolayer. In this case, PLA 2 interfacially 
self-assembles, but enzyme domains are not bean-shaped 
(Fig. 5). That is, PLA 2 interfacially adsorbs to fatty acid 
without the morphology imposed by chiral lipids present at 
the interface. Control experiments showing PLA 2 adsorp- 
tion to pure palmitic acid monolayers support this con- 
tention (Fig. 7). We therefore alter our original PLA 2 
domain formation hypothesis to include some level of 
chiral phospholipid within fatty acid-enriched membrane 
regions. Chiral phospholipid is hypothesized to control 
resulting enzyme domain morphology by structuring the 
inteffacial film onto which PLA 2 binds. Future work is 
aimed at determining the chemical composition of phase 
separated monolayer domains. 

In conclusion, asymmetric 6,16-PC and 16,6-PC lipids 
have been shown to be valuable model compounds to test 
our hypothesis concerning PLA 2 binding to heterogeneous 
model monolayer membranes. The capability to selectively 
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produce water-soluble or water-insoluble PLA 2 hydrolysis 
products in lipid monolayers has allowed us to further 
describe the role of fatty acids and lyso-lipids on influenc- 
ing PLA 2 interaction with lipid monolayer membranes. 
Furthermore, these data have allowed direct correlation of 
the presence of insoluble, monolayer-localized fatty acids 
with binding of PLA 2 from the subphase and formation of 
laterally phase separated monolayer microstructures of both 
lipids and enzyme. 
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