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Fluorescence microscopy ks recently Seen proven 0 be an ideal tool 10 investigate the specific interaction of prospholipasc A,
with oricnted substratc monoiayers. Using a dual labeling technique, it could be shown that phospholipase A, can specificaily
attack and hydrolyze solid anatogous 1 -a-DPPC domains. After a critical extent of monolayer hydrolysis the enzyme itsclf starts
to aggregatc forming regular \hap\.d protein domains (Grainger ct al. (1990 Biochim. Biophys. Acta 123, 365-379). In urdcr to
conf{irm that thz cxisi of b di in the yer is necessary for the ob d ion of phospl

A,, mixed monslayers of p- and La- DPP( La-lysoPP( and palmitic acid in differeni ratios were examined. The phase behavicr
and the interaction of these films with phospholipase A, were directly visualized with an epifluorescence microscope. Above a
certain critical concentration of Iy\olnmhm and palmitic “acid in the monolayer, compression of these mixed films Icads to phasc
scparation and formation of mixed d of unk i Thc-r hlgh gative charge dcn\ny is cwdcm:cd by
preferentiui binding of a cationic dye 1o these phas d arcas. d of fl labeled 2 A,
underncath these mixed domains results in rapid binding of the protein 1o the domains without visible hydrolytic activity,
regardless of whether the w-form or the p-form of the DPPC were used In binary mixtures, only those with DPPC /palmitic acid
show formation oi phasc-separated arcas which can be specifically targeted by phmphuhpnsc A lcading to a rapid formation
(within 2 min) oi protcin domains. Experiments with ic acid give ihe first direct evidence
lhdl acid is located above the cnzyme domains. These resalts show that a locally high negative charge density of the
is one of the pi ] for the binding of pacspholipase A ;. Ir addition, however, small amounts of
u- or Lﬂ-DPPC headgroups within the domains of the monolayer secir to be necessary for recognition followed ov fast binding
hie protein to the domains. This is confirmed by expedisents with mixed monolayers of diacety.2ae carhoxylic acid and
p-a-DPPC. The acid - immiscible with lecithin - forms well defined pure wid domains in the monolayer. While the cationic dyc
can be docked rapidly 10 these phasc separated arcas. no preferential enzyme binding and thus no protein domair formation
below these acid domains can be induced.

catalyze clcav.lge of ester hnka,;t.s of membrane-for-
ming pt lipids to relcas: t ical =active sub-
stances [1]. Phosphoupasc A, iiself catalyzes hydrolysis
of the ester linkage in C-2- {,u or. of a glycerolipid
the correspondi solipic and a fatty acid.
Its importance in many biological processss like re-

Phospholipase A , (EC 3.1.1.4) belongs 10 an impor-

tant class of hydrolytically active enzymes which all 2l
Atsreviations: Lve-DMPC. 1. ;
DPPC La dlnulmﬂuylnhusph.uul'.hhuhm. D DPPC n-a-dip

C. 1
choline: SR-DPPE, N l xas red siifonyDdipalmitoyl-i-a-phosp!
tidylethanolamioe: T-NBD PC, 34 )mlmnuyl 2-(6- (N( -nitrobenz-2-
oxa-1,3. d:azol-4-yl i i Tris,
tristhydroxytiethylamino)methane.
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building and modification of membmnes and release of
arachidonic acid has p d an overwhel
amount of information about its enzymatic action (for
reviews, see Refs. 2-8).

Scveral models of physical association and subse-
quent catalytic action between phospholipase A, and
lipid interfaces have been forwarded |2-9). Up to now
most results are hased on kinetic evidence {10-15], site
specific mutagenesis [16,17), ciystallograplic data {18-




Tig. 1. Phospholipase A, domains (arrow) within the matrix of solid
wnalogous DMPC domains and liquid analogous DMPC doped with
SR-DPPE after 40 min of hyd,alysis [27): Scale bar is 20 zm.

20] and rescarch about poteni phospiolipase A, in-
hibitors {21-26). Recentiy flunrescence microscopy has
proven to be very well suited to study the interaction of

i lized layers [27-32]. Using

with furrti 1
this mcthod n could he shown that phusphollpuse A,
can specific ize and hydrolyze solid analo-
gous Jipid domains of e.g. L-a-DPP(, or L-a-DMPC.
After a critical extent of monolayer hydrolysis the
enzyme itself aggregates into regular snaped domains
as shown in Fig. 1 [27,28]. It has to be pointed out that
the phospholipase A, ageregated into thesc domains,
tormed after the active phasc of the enzyme, is not
active any more and does not interact witn adjacenl
1~a-DPPC domains [28,31]. There is no relation 15 e
aggregatcs (dimers or oligomcrs) discusscd by Jain et
al. in their carcful mechanistic studies showing that
only the monomer is active [10f].

In contrast, lipid domain containing monolayers of
ra-DPPC fnon-hydroiyzable substrate) do not induce
any enzyme domain formation cven after 1-2 h, ‘This
indicates that formation of these protein domains is
depend: on the hydrolysis reaction. However, the
protein aggregation may be a secondary rather than
primary of the hydrolysis process. Protein
aggregation may be induced purely as a result of inter-
action of phospholipase A, with the cleavage products
of the hydrolysis. In order to investigate whether the
exisivnice of the hydrolysis products is crucial {or the
observed aggregation of phospholipase A, and to find
out if the lecithin itself plays an additional role in this
process, the cffect of iysolipict and fatty acid content in
the monolayer has to be investig:tted separately from
the hydrolysis process. This can be achieved by using
mixed monolayers of L- or p-a-lecithin, lysolecithin and
palmitic acid in various ratios, Such mixtures simulate
the membrane composition after different extents of
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ymatic hydrolysis. A that, besides lecithin
itseif, only its clcavage products and not additional
reactions during the hydrolysis process (e.g. acylation
[33)) induce enzy:ne domain formation, one can expect
spontancous development of proicin domains induced
just by a 1 of the suitabl, ition
On the basis that the fatty acid, which is known to
highiy influcnce phospholipasc A, activity [8], plays an
important role in protein domain formation, three ad-
ditional sets of cxperiments were performed. Pyrene-
decanoic acid in a mixture with L-a-DPPC was used to
investigate what happens with the acid after the kydro-
lysis process. The pyrerc label allows to directly ob-
serve inhomogeneousiy distributed acid within the
layer after phospholi A, hydrolysis. Further
intormation about possible c!us&erlng of the fatty acid
and thus about the charge disiribution of the lipid layer
above the protein domains was obtaincd by studying
the interaction of a caiionic dye with the monolayer.
Arecas of high ncgative charge density become apparent
due to binding of the dye. In addition the infiuence of
negative charges on protein domain formativa was
investigated with the help of a diacctylene cayboxylic
acid which is immiscible with lecithin.

Materials

Phospholipase A, (Naja naja), 1« -DPPC, p-a-
DPPC and lysoPPC were purchased from Sigma. All
phospholipids were of greater than 99% purity and
showed singie spots by TLC analysis (chloroform/
methanol /water (65:25:4, v/v) as eluting solvent).
Palmitic acid was purchased from Fluka {puriss. gradc)
and used as supplied. The diacetylene rarboxylic acid
was preparsd as described e!sewhere [34]. Fluores-
cence labeled lipids (SR-DPPE, pyrenedecanoic acid
and (,‘(,-NBD -PC) as well as the cationic dye (1,1',3,

,. ~hexamv.thyhndocarbm.yamnc ‘Odldc) and sul-
forhod 2 were  pi d from
Molecular “iobes-and used as supplicd after checking
purity by TLC analysis. Fluorescein isathiocyanate was
purchased frem Aldrich and used as supplied. Water
for buffers was distilled on glass and purified through a
Millipore filtration apparatus (18 MOhm resistivity).
Isotonic Tris-buffer {16 mM Tris, 150 mM NaCl, 5 mM
CaCl,, pH 8.9) was prepared by dissolution of salts i
10-time concemrauon and diluted wnth pure warer to

the proper cc for p for
each experiment.
hospholipase A, was dissclved from the lier’s

voitle (wuhoul further punﬁcaurn) in buffer and la-
beted with fluorescain isothincyanate or sulforho-
damine isothiocyanatc by the method of Nargessi and
Smitk [35). Labeled holi A, was

from unreacted fluorescence probe and buffersalts on
ol ucia PD 'G5 col (Sephadex G-25M) cquili-
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brated in pure water, and lyophilized unde: protecticn
from light and heat. Labeling on a statistical basis
provided about two marker molecules on it estimated
six lysine residues. Labeling of the same uzyme by a
similar method was shown to lower thz degree of
hydrolytic aciivity depending on the degree of labeling
[36]. Experiments on the kinetics of hydrolusis of L-a-
DMPC monolayers show only slight diff:rences in ac-
tivity before and after labeling (method cesuribed else-
where [37)). Enzyme solutions for monoalayer studies
were made by dissolving the labeled en:ymz in buffer
to give 0.01 mg/ml soiutions. Aliyuots of 1 mi were
frozen at —22°C until thawed ambiently beiore use.
Phospholipid monolayers were spreac fram chloro-
form solutions (0.1-0.5 mg/ml). For the mixed mono-
layers, appropriate volumes of equimo:ar stock solu-
tions of the pure lipids were premixed #nd ipread. All

was studied using either SR-DPPE as the label in the
monolayer and fluorescein as the label on the cnzyme
(as shown in Figs. 1-3) or vice versa,

(2) Binding of the cationic dye to mixed monolayers
was examined using a C,-NBD-PC label in the mono-
fayer.

(3) Sulforhodamine-labeled yme was used for
studying hydrolysis of L-a-DPPC monolayers mixed with
pyrenedecanoic acid. In this case, an additionat fluo-
rescence lipid in the monolayer is not necessary be-
cause the pyrenc labeled acid itself can directly be
visuaiized.

(4) Interacticn of phospholipase A, and the cationic
dyc with mixed monolayers of v-a-DPPC/ diacetylenc
carboxylic acid was performed using the C,-NBD-PC
label in the monolayer and sulforhodamine-fabeled

Phacnhali

lipid solutions were doped with 0.5 molJ fl e
lipid (SR-DPPE or C,-NBD-PC), a prabe conccntra-
‘tion so dilutc that no detectable clianges in isotherm
behavior of the primary phospholipid comp snent were
observed.

Solutions of the rationic dye were made by dissolv-
ing the dye in buffer to give 1.3+ 1074 5 /ml selutions
275 1877 mol /1.

Methods

Flaorescence filmbalance

A complete deqcnptlon of the epifluorescence mi-
croscope and d ir film balance which
is pﬁaced below it have been pubhshcd clsewhere [38).
Excitation of fl probe and la-
beled ¢nzynic is achicved using a high-pressure mer-

P id solutions were spread on a buffer sub-
phase at 30°C. After spreading, the monolayer was
immediately compressed at a rate of 2.5 Az/mol per
min. At a surface pressure of 17-20 mN/m the barrier
was stoppcd and either the enzyme solution (0.2 ad = 2
g phospholipase A ,) or the dye solution (0.5 ml = 0.07
ug dye) were injected into the subphase under the
monoalayer. From this time on the pressure was kept
constant, Especially mixed films with a high content of
tysoPPC and palmitic acid are ble on
and the pressure decreases within 10 min. This may be
caused by the relatively high water solubility of the
fysurrC.

Diuring compression and aftcr additior: of enzyme or
dye, the monolayer and subphase were directly ob-
serw:d with the fluorescence microscopz. Ohservation
was performed using alternately two interchangeable

cury lamp. Discril of ercitation and cut-off filters, corresponding to signals from the sul-
from the different fluor probes is regulated by forhod label (Zeiss filter 487714) and the flucres-
conventional dichreic mirrors and interchange=bic cut- cein label (Zeiss filter 487709), respectively. Hydrolysis

off filtere. Observation of the emitted fluorescence
signal is possikle either visually or via a low level video
camera. Film bal are cc lled
through &n interfaced personal computer. Video
recording of the menelayer through the video camera
was initiated at various tinx: points of film observation.
Photographs shown are dirsctl; taken from the video
screen.

Monolayer investigations
A dual labeling technique was used for all experi-
ments to distinguish monaolayer lipid domain morphol-
ogy from phospholipase A. action or dye behavior
occurring in the aqueous subphase [27,28). The experi-
mentzl procedure is almost the same for all investiga-
tions. It only differs in the labels used for the riono-
layer and the znsyme:
(1) Interaction of phospholipase A, with mixed
L of lecithin, lysolecithin and palmitic acid

of the pyrene acid c films was visualized uting
a pyrene filter (Zeiss fifter 487702) and the sulforho-
damine filter.

Results and Discussion

Formation of solid analogous lipid domains during
the main phase transition ir lipid monolayers has been
described using a numiber of different fivorescence
microscopy systems [38-43], Although many investiga-
tions of pure systems have been forwarded [44-47] only
little attention has been given to mixed monolavers
which therefore are not well characterized by this
method [48].

Investig of ternary

and palmitic acid
Different mixtures of DPPC (i-form and n-form),

L-a-lysoPPC anid palmitic acid were used to study their

of DPPC, 1-a-lvsoPPC



TABLE }

Domain formation in terary mixed sionolayers of IPPC, lysoPPC and
palmitic acid

The ratio of IysoFPC /patmitic acid is always 1:1% compression
speed 2.5 A?ymol per min.
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mixed grey d can be lized by switching the
filter to view the fl in fl Domai
which arc grey in the suiforhodamine filter appear
bright in the fluorcscein filter already after 1-2 min
(Fig. 2C). This rapid binding of the enzyme to the
1 is even more noteworthy when it is com-

DPPC"  Hydrolysis products  Monolayer behavior
(moi%)  lysoPPC /palmitic atl8mN/m*¢
acid (moi%e)
.11} 20 homogencous
0 30 homogeneous
60 40 homogeneous
50 50 domain formation; size = § pm
40 60 domain formation: size = 10 um
30 0 domain formation; size = 20 pm
bl 80 domain formation; size = 3
15 85
10 90 domain foration; size = 6} um

@ This corresponds 10 the ratio achieved in the hydrolysis of DPPC,

" Both the v- and the 1-form were used

© If the surface pressure is further increased an additional 2D-crys-
tallization ot DPPC is induced.

interaction with pkospholipase A, simulating the com-
position of the monolayer after different extents of
hydrolysis {Table 1). The ratio of i.-a-lysoPPC/ palmitic
acid is always 1:1 as it is formed during the hydrolysis
process.

After spreading of the ternary mixturcs (given in
Table 1) doped with 0.5 mol% DPPE-SR on buffer

bphase the liquid 1 It appear ho-
mogeneously bright under the fluorescence microscope
(sulforhodamine filter, Fig. 2A). Monolayer images of
films with 20%, 30% and 40% of hydrolysis products
do not crange during compression up to 20 mN/m
(compreszion speed: 2.5 A?/mol per min), However,
compress:on of wixed monolayers containing more than
40% of the 1:1 mixture of lysoPPC/palmitic acid lead
to phase scparation and formation of grey domains of
unknown compasition. Simitar results indicating phase
separation have been obtained with liposomes of
DPPC/lysoPPC/palmitic acid [49). The wmixed do-
mains appear grey because, unlike the black d

pared wath the slow formation of protein domains
during hydrolysis of L-a-DPPC ar L-o-DMPC monolay-
ers [27,28,31] by phospholipase A, (about 40 min, sev
Fig. ). The mixed domains therefore seem to repre-
sent a prefered environment for enzyme binding. Such
a process is demonstrated in Fig. 2 for a mixture of
10% 1-2-DPPC with 90% lysoPPC/ palmitic acid (1:1)
simulating nearly complete hydrolysis of a lccithin
monolayer. ‘The shape of the mixed domains and there-
fore also of the protein domains is nearly the same as
ihat observed for hydrolysis of L«+-DPPC after 70 min
[27] (see also Fig. 1).

Witing for some time after phospnohpa% A
tion (3t min) leads to slow hydroly.
the hquu] analogous phase due to the exc&s\ of i
enzyme in the subphase. This causes a slow increase of
protein domain size like during the hydrolysis of a
lecithin monolayer {27,31).

It is important to note that the same phasc scparis
tion of mixed domains within the monolayer and also
the fast binding of phosgholipase A, to this domains
can be obtained with the non-hydrolyzable n-a-DPPC
instcad of tha 1.-a-DPPC in the mixtures with the only
difference that the protcin domains do not increase in
size with time. 1he n-form of the Iemhm con be

ized but not hydrolvzed Ly ph lipase A,

[21] Thus it appears that recognition of the he.xdgroup
of the lecithin, but not its cleavage, is necessary for
rapid apgregation of the piotcin under the mixed
monolayer. On ine vifer hand the lecithin headgroup
may not be needed at all to form the protein domins.
Thus the question is still oper which components rcally
induce the rapid eniyme domain formation without
enzyme activity,

of pure DPPC, the fluc dye is not pletels
excluded (Fig. 2B). Further compression leads w0 an
increase in number and size of these regular shaped
mixed domains. The compression speed plays an im-
portant rolc for monolayer morphology. Higher com-
pression speeds (20-10 A2/mol per min) induce an
additional 2D-crystallization of DPPC at lower pres.
sures (10--16 mN /m). These black lipid domains are
not stable oa standing and slowly disappear forming
the same mixed arcy dosiains, directly visible using tha
slow comp'cssxm specd.
After irj of fl in-labeled phospholi

A, below the domain containing monolayer (at 18
mN /m), spontaneous binding of the enzyme onte thece

Investigations of binary

In order to ovtain information about which ¢f the
hydrolysis products in the ternary mixtures are iveces-
sary 1o induce phase separation followed by rapid
enzynie aggregation at the monolayer, binary mixtures
doped with 0.5 mol% SR-DPPE were investigated (Ta-
ble II).

All mixtures containing p-a-DPPC and palmiiic aviv
show nearly the same behavior as the ternan ones,
Directly after spreading on buffei subphase the monc-
fayer looks hemogencously bright ir the sulforho-
Jamine fiter. After compression small grey domains
sumetimes bright at the borders appear if the amount
of palmitic acid is higher than 309 (Fig. 3A). This
phenomenon of phase separation in DPPC/palmitic
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sulforhodamine

filter (monolayer)

All

sulforhodamine filter (monolayer)

(PLAQ
F
fluorescein filter (enzyme)

¢ A, with

Fig. 2. | ion of fl labeled piwsphoti
niixed monolayers composed of lm % ly»oPP/ /palmitic acid and 10%
1-a-DPPC doped with 9.5 mui®- SR-DPPE: (A) | g Ruo-

TABLE )1

Domain formation in b, mived monolayers of DPPC 7 lysoPPC,
IesolPC / palmitic acid and DPPC / palmitic acid

The compression speed is 2.5 A*/mol per min,

0-a-DPPC  LysoPPC  Palmitic  Monolayer behavior

(maol??) (miol?)  acid at I8 mN/m
(%)

o 50 S0 homogencous
70 30 i) homogencous
50 50 0 homogeneous
25 75 [t} homogencous *

9 [ 20 only DPPC do

n o o domain forma Lo
i ] a0 domain formatio
o o 50 domain formatio
40 0 o0 immiscible with |
25 o k] immiscible with labeled lipid
17 0 83 immiscible with Tabeled lipid

“ W ibe surface pressure is further increased crystallization of DPPC
|\ induced.

smalt domgins only visible in the fluereseein filie. after

tion of fluorescein-labeled phospholipase A 5.

acid mistures is alrcady known from liposomes [50-52).
During further compression up to 18 mN/m these
mixed domains grow in size and number (Fig. 3),

In contrast to ternary mixtures where only grey
domains appear in the monolayer during compression
up to 18 mN/m, use of binary mixtures of p-a-DPPC/
fatty acid leads 10 an additional crystallization of DPPC
(Fig. 38}, Thus at 18 miN/m one finds a cocxistence
between lecithin domains (black in the sulforhodamin2
er) and mixed domains (grey in the sulfortodamine
filter). In the following experiments only the behavior
of the wiised grey domains will be discussed. Size of
these mixed domains depends strongly on the an:ount
of fatty acid used in the mixture. In the case of 50%
paimitic acid in the monciayer, the phase scparated
arcas arc of regular shape and clearly visible (diameter
about 25 pm). Decrease of the amount of acid results
in decrcasing size of the domains and at a concentra-
tion of 30% palmitic acid no phase separation of mixed
grey domains can be d d. Increasing a s of
fatty acid (> 50%) cause itnmiscibility of the lipids with
the applicd fluorescence dye and therefore these mix-
tures could not be examined with this method.

if fl scein-labeled pt holipase A, is inj
under a mixed monolayer of DPPC/palmitic acid which

s phase separated mixed domains (Fig. 3B8,C;

sescence of the fiquid analogous mixed monolayer () =1 mN/m)k
(B} compression feads to phose separation of grey domains of un-
fnowa composition (3 = 18 mN/m): (€) Ruorescein-labeled phos.
pholipase A, injected underncath this monolayer binds ery quickly
@ these mired domains which thus app e fluorescein
filtes: Subphase: Tris buffer (piH 8, c! ture = H0°C: Scale bar
in(AYis 20 um,

arrow) as well as black DPPC domains the enzyme
rapidly binds to the grey domains within 2 min as
already shown for the ternary mixtures in Fig. 2, These
mixed domains can now be easily distinguished from
the black lipid domains of pure lecithin by switching
the filter to view the fluorescein fluorescence ‘Vig. 3CY
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Only the mixed domains appear bright due to enzyme also in the mixture with 30% palmitic acid. The nixed
binding and no protein can be found below the black demains are very small and therefore only visible in the
tipid domains. In additu:, the liuorescein-labeled fluorescein filter as small pinpoints of light after cn-
phospholipase A . allews detect.on af phase scparation 2y binding, The whole process of phase separation

(1) (@)

sulforhodamine filter (monolayer) sulforhodamine filter (monola

[

All

T+ T+

N PLA>

fluorescein filter (enzyme)

Fig. of in-labeted ph A, with mixed monolayers consisting of {1): 707, DPPC/30% palmitic acid; (2): 50%
DPI’C/ 500 palmitic acid doped with 0.5 -nol% SR DPPE: (A) phase scparated] mixed Jomains of unknuwn conposition () =12 mN/m); (B)

{7y =18 mN/m) leads to an ion of solid NBPC around the mixed grey domains (arrow); (C}
labeled phospholipase A, {njected under this monolayer binds very quickly (within 2 min) to these mixed grey domains which thus
appear bright in the fluorescein filter (arrow); Subphase: Tris buffer (pH = 8.9% Timperature = 30°C Scale bar in (AYis 20 pm.
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and enzyme interaction is shown in Fig. 3 for monolay-
crs which coniain 30% palmitic acid (1) and 50%
palmitic acid (2).

In mixed systems of lysoPPC /palitic acid and
DPPC /lysoPPC no phase scparation of mixad do-
maius can be detected. These results are in good
agreement with results obtained with liposomes {49,53]
showing complete miscibility of the two components in
both ¢<a.es. The mixed monolayers appear homoge-
ncously bright in the sulforhodumine filter and nothing
changes during ¢ompression up to 25 mN/m. Injection
of fluorescein-lascled whospholipase A, at 18 mN,'m
wesulis in homoseneaus fluorescein fluorescence with
vo domain forriation occurring even after a 60 min
wait. This is a {urther hint that both palmitic acid, as
well as uneleaved lecithin, are nccessary to induce

Yy 1 jon. H , it can not be excluded
that the lysoPPC in the mixture leads to an increase of
phospholipase A, binding to tlic wivic monolayer as
discussed for liposomes [54].

daieraction of 1nived monolayers with a cationic dye

For further characterization of the mixed domains
which induce preferential binding of phosphclipase
A, interactien of these mixed domains with 1,1°,3,3,
3',3'-hexamethylindocarbocyanine-iodide (1) was cxam-
ined. This dve has a positive charge and binds very
strongly to negatively charged interfaces [S5]. Jain ct al.
have alrcady used this dyc in liposomal sysicms to
study the influence of charges on phospholipase A,
activity [56).

PRV X ,,CH;/
“ \j>>~cn=cn--cn= ﬂ 1
G i e v

|
CHy CHy

Compound 1

The fluoreseence spectra of the cationic dye has a
broad cmission peak at 560 nm detectable with the
sulforhodarvine filter [57). Therefore a C,-NBD-PC
label visible with the fluorescein filter was used to
study the intcraciion of the cationic dye with the mixed
monolayers.

After spreading of the appropriate mixture ou buffer
subphase the moi clayer looks homogancously bright in
the microsvope (Huorescein filter). Compression lead:
to phase sepa;ation of domains which are slightly
brighter than the matrix because of a higher content of
labeled lipid (C,-NBD-PC) within the domains. injce-
tion of 0.5 l of the dye solution under the monolayer
leads to direct binding of the dye to the phase sepa-
rated arcas indicating that negative charge {£atty acid)
is concentrated in these areas. The cationic dye 1 and

phospholipase A, show rapid binding to the same
phase scparated arcas suggesting so far that prefer-
entia! binding of phospholipase A, is the result of
charge~charge interactions. It is pertinent in this re-
spect that the active site of phospholipase A, is sur-
rounded by cationiz amino acids [8] which are impor-
tant for enzyme binding to interfaces [8,58-62].

These findings arc in agrcement with results from
Jain ct al. showing that hydrolysis of DMPC vesizles
with phospholipase A, lcads to prefereatial tinding of
the cationic dye afier a certain extent of hydrolysis [56].
Their resuits are interpreted to imply that the hydroly-
sis products (especially the fatty acid) phase separate
above a certain concentration and that this teads to
binding of the cationic dye as well as to binding of a
higher amount of enzyme. Ail these results, indicating
phase scparation of aci¢' coataining mixtures, are ob-
tained by indirect evidences and domain formation of
the enzyme is not mentioned. Fluorescence micro-copy
gives the first direct evidence of phase separation of
negative charged domains. In addition one can directly
visualize that these domains can spicifically bind the
cationic dyc as well as the labeled phospirolipase A 5.
At this point of the discussion it is stifl unclear it the
high negative charge density is the only reason for the
fast decking of the cnzyme to the phase separated
mixed domains or if the lipid headgroup has an addi-
tional :nfluence.

Hydrolosis of a mixed monolayer of 1-a-DPPC /
pyrenececanoic acid

Visualization of the hydrolysis of a mixed film of
1-a-C'PPC with pyrenedecanoic acid (ratio 5:1) by
phospholipase A, offers the possibility to directly see
what happens with the acid duriry hydrolysis reaction.
images of diiferent times during hydrolysis of this
mixed monolayer are given in Fig. 4.

Directly after spreading the film looks homoge-
ncously bright in the pyrene fifter (label in the mono-
fayer;, Compression leads to formation of 1-a-DPPC
domains which may contain small amounts of pyrene
decanoic acid (Fig. 4A). After injection of suiforhio-
daminc-labeled phospholipase A, at 20 mN/m the
enzyme starts to interact with the lipid domains [281
They decrease in size with time (Fig. 4B) and after 30
min, large y domains can be visualized (Fig.
4C,D). Thase protein domains are now not only bright
in the sulfornodamine filter (label of the enzyme) but
also in the vyrenc fiiter (pyrenedecanoic acid: label in
the monolayer). This clearly indicates that the acid
itsclf phasc scparates out of the mixed film and is
concentrated above the protein domains as proposed
above. Whether the monolayer above the protein do-
mains consists ¢nly of the acid, or of a mixture of acid
cid DPPC, cnn stiil not be clearly distinguished with
these measurements glone.




Interaction of phospholipase A, and the cationic dye 1
with pure carboxylic acid domains within a liquid analo-
gous p-a-DPPC matrix

To further study the influence of the Iccithin head-
group on the 1apid binding of phospholipase A, to the
mixed grey domains, experiments were performed with
long chain carboxylic acid immiscible with DYPC, For
these investigations a diacetylenc cayboxylic acid 2 was
used.

H3C-(CHY5 G- C=C~ (Cl o) o—g— Hy 2

]
HyC=(CHy)55 CE S+ CECm(CHY— 0= C-CH5=CH,=COOH
Compound 2

This acid has a high tendency to crystatlize and the
pressure /area diagram shows only a soiid analogous
phase [34). Directly after spreading of a mixiare of
p-a-DPPC/ diacetylene carboxylic acia (i:i) doped
with 0.5 mol% C,-NBD-PC, lorge, weli defined, char-

pyrene filter (monolayer)

A
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acieristically shaped solid analogous acid domains [63)
ar visible (T =1-2 mN/m). At this low pressure the
DFPC is far away from any tendency o crystallize. Due
1o its immiscibility with the diacetylene carboxylic acid
one can assume that the biack domains visible in the
film consist of pure acid. Further compression icads to
an increase in size of these domains and at a pressure
of 18 mN/m the barrier is stopped to prevent cocrys-
taltization of DPEC. Up to this pressure the monolayer
thu. consists only of solid analogous acid domains in a
liquid analogous matrix of DPPC mixed with C,-NBD-
PC (Fig. 5A). Injection of the cationic dye 1 leads to
rapid binding (1 min) of the dye to the acid domains
showing the high negative charge density within the
domains as expected for pure acid (Fig. 5 (1) 13). After
addition of sulforhodamine-labeled phospholipase A,
no binding of the enzyme to the acid domains can be
detected (Fig. 5 (2) B). This is in contrast to the mixed
systems with DPPC/lysoPPC/palmitic acid and
DPPC/palmitic acid, where dye and phospholivase A ,
show the same preferential and fast binding to the

pyrene filter (monolayer)

Fig. 4. Hydrolysis of a mixed

layer of DPPC with py

jic acid (5: 1) by
seen through the purene filter and the enzyme is seen through the sulforhodamine fil
analogous matrix; (B) phospholipase A, has partially hydrolyzed the solid anafogous li

Tabeled nhasnholi

Ay tae 1 is
+t (A) dark solid 2natogous lipid domains in a bright liquid
id domains; (C), (D} protein Conrains in coexistence with

residucs of solid a.:alogous lipid in a liquid analogous mutrix, cnzyme domains appear bright in the pyrene filter (enrichment of pyrenedecanoic

acid above the protein dom:
(D): ¢ = 30 min;

well as in the sulforhodaminc filter (fluorescence of the labeled cnzymek (A): ¢ = 0 min; (B): ¢ = W min: (C),
= 20 mN/m; Subphase: Tris buffer (pH 8.9); Temperature = 30°C: Scale bar in (A) is 20 pm.
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h

mixed domains. The different interaction of the

ption is

!ly shown in Fig. 6, illustrating

dye 1 and the sulforhodamine-iabeled enzyme with the
diacetylene carboexylic acid (2) domains within the fluid
p-a-DPPC matrix are compared in Fig. 5.

This direct comparison of dye and enzymc binding
shows that not only the high negative charge density of
the acid domains can be the reason for the rapid
phospholipase A, domain formation. This points tc
the fact that besides ionic interactions the specific
interaction of the lecithin headgroup with the enzyme
seems to be necessary for the fast docking process at
preformed acid and lecithin containing domains. This

(1)

fluorescein filter

(R

(monolayer)

two facts:

(1) Interaction of labeled phospholipase A, with
pure acid domains leads to an equilibrium between
bound and free enzyme duc to ionic interaction but no
enzyme domain formation can be detected.

(2) Injcction of the enzyme below monolayers con-
taining acid domains with incorporated lecithin hcad-
groups leads to fast binding of the protein to these
domains.

Thus rapid protein domain formation scems to be
induced by both, charge-charge intcraction with the

(2)

fluorescein filter (monolayer)

sulforhodamine filter (enzyme)

labeled ph

Fig. 5. Interaction of the cationic dye (1) cnd i A (2) with a mixed monotayer of diacetylene carboxylic acid
2 and p-a-DPPC (1:1) doped with 0.5 molSe C,-NBD-PC: (A) black solid analogous acid domains in the liquid analogous matrix of p-a-DPPC
(=18 mN/m), (B) interaction of the dye (1)/the enzyme (2) v-ith the mixed menolayer: (1) after injection of the dye 1 the acid domains
immediately appear bright in the sulforhodamine filter due to direct binding of the dye to the acid domains: (2) after injection of the enzyme no
ial binding of i A 10 the acid domains can be detected; Subphase: Tris buffer (pH 8.9): Temperature = 30°C: Scale bar in

(A)is 20 pm.
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Fig. 6. Schematic representation ul the proposed mﬂnuncc of recog-
nizable head, on the indy of A, domain
formation; (1) A: monolayer with pure acid domail : injection of
labeled enzyme lcads to an equilibrium between bound and free
enzyme due to charge-charge interaction -- no domain formation of
the protein is detectable; (2) A: monofayer with acid domains which
o small amount of recognizable headgroups: B: injection of
labeled phospholipase A leads to direct binding and thus domain
formation of the enzyme due to specific interaction with lecithin
headgroups and charge-charge interaction with the anionic lipids
present in the monolayer.

anionic monolaver as well as specific intcraction with
the headgroup. In the generally accepted scheme for
interfacial catalysis of phospholipase A, at interfaces
[2,4,8], threc different equilibria can be distinguished:
at first the equilibrium between free enzyme and bound
enzyme, secondly the equilibrium between bound en-
zyme and the bound enzyme-substrate complex and a(
last the equilibrium t the bound

strate complex and bound enzyme and product.

E=E*+S=E*S=E*+P

Considering the first two cquilibria, one possible expla-
nation for enzyme domain formation can be proposed:
incorporation of recognizable headgroups within the
acid domains leads to a shift of the E to E* equilib-
rium to the E* + S to E*S cquilibrium because now
substrate molecules are present in the interface and
formation of the E*S complex is possible. Without
substrate molecules only the first equilibrium exists. In
addition it would bc interesting to find out if the
carboxylic acid has a specific influence on enzyme
domain formation or if it can be replaced by other
anionic additives like sulfonic acid or phosphonic acid.
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