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Fluorescence microscopy h:~s recently been proven t,'~ be an ideal tool to invcstigatc the specific intcraction of phospholipase A 2 
with oriented st:bstrate monoiaycrs. Using a dual I,beling technique, it could be shown that phospholipasc A,  can specifically 
attack and hydr,.~lyze solid :malogous i -a-DPPC dc, raains. After a critical cxtent of monolayer hydrolysis the cnzyme itself starts 
to P, ggrcgatc foTminL, regular shaped protein domai~s (Graingcr et al. (It)gill Biochim. Biophys. Acta 11!23. 365-379). In order to 
confirm that th.  • existence of hydrolysis products ill the monolayer is neccssary for the obscrvcd aggxegation of phospholipas¢ 
A :, mixc~ ;~oa ~laycrs of o- and L-a-DPPC. L-a-lysoPPC and palm;tit acid in diffcreni ratios werc examined. The phase behavior 
and the interaction of these films with phospholipase A 2 were directly visualized with an e~ifluorescenec microscope. Above a 
certain critical ,:oneentration of lysolceithin and palm;tic acid in the nionolayer, compression of these mixed films leads to phase 
separation at;d form:~tion of mixed domains of unknown composition. Their high negative charge density is evidenced by 
preferential binding of a cationic dye to tt:ese phase-separated areas;. Introduclion of fluorescence-labeled phospholipas,." A ,  
underneath tht:s~ mixed domains results in rapid binding of the protcitl to the domains without visible hydrolytic activity, 
regardless of whether the t-form or the D-form of the DPPC were used In binary mixtures, only those with DPPC/palmitic acid 
show formation t,i ph:~xe-separated areas which can be specifically targeted by phospholipase A 2 leading to a rapid formation 
(within 2 rain) of protein domains. Experiments with pyrenedceanoie acid containing monolayers give ,he first direct evidence 
that acid is located above the enzyme domains. Thcse results show that a locally high negative charge density of the 
phase-separatcf, domains is one of the prerequisites for the binding of p'ac, spholipase A : .  In add;lion, however, small amounts of 
o- or L-a-DPPC headgroups within the domains of the monolaycr see;, ,o be necessary for recognition followed by fast binding 
of ;he protein to the domains. ']'his is c,mfirmed by expe,'i,~ent:; wit~ mixed monolayers of diacety~:,ae carhoxylie acid and 
D-ot-DPPC. The acid - immiscible with lecithin - forms "~ell t~cfined pare ~cid domains in the monolayer. While the cationic dye 
can be docked rapidly to these phase separated art:as, no preLcrential enzyme binding and thus no protein domain formation 
below these acid domai,~s can be induced. 

lntr~h~etion: phospholipase A z domain :  -~t l ipid 
monolayers 

Phospholipase A 2 (EC 3.1.1.4) belongs ~o an impor- 
tant  class of hydrolytieally a~'tive enzymes which all 

Abbreviations: L-ct-DIv~PC. L-,-dimyristoylphosphatidylcholine; I.-a- 
DPPC. L-~-dipaimitoylphosphatidylcbulinc: [~-~-DPPC, o-~x-dipalmi- 
toylphosphatidy!.:bg!ine: lysoPPC i.-~-Iysopalmito~,lphosphatidyl- 
choline; SR-DPPE, N-(Texas red sulfonyl)dipalmiloyi-l.a-phospha- 
tidyleAbanol~mln*:: ~o-NBD PC, 3-p:dmiloyl.2-(f-(N-(7-nitr.')bcnz-2- 
oxa- 1,3-d:azol-4-yl)amino)hexanoyl)-t..a-phosphatidylchollt:e: Tris. 
trisihydroxyn~ethylamino)methaoc. 
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catalyze cleavage of ester  l inkages of membrane-for-  
ming phospholipids to releas';  biological ~'ctive sub- 
stances [ !]. Phospho~ipase A 2 ~se!f catalyzes hydrolysis 
of the ester  l inkage ir, C-2-[~o.~idon of a glycerolipid 
r=leasing the corresponding lysolipid and a fatty acid. 
Its importance in many biological process=s like re- 
building and modification of membranes  and release of 
arachidonic acid has produced an overwhelming 
amount  of information about its enzymatic action (for 
reviews, see Refs. 2-8).  

Several :mndels of physical association and subse- 
quent  catalytic action between phospholipase A 2 and 
lipid interfaces have been forwarded [2-9]. Up to now 
most results are based on kinetic evidence [10-15], site 
specific mt.~tag,=nesis [16,17], ciystallograplfic data  [18- 



'~ig. I. Phospholipase A ~ domains (arrow) wilhin '.he matrix of solid 
,'~nalogous DMFC domains and liquid analogous DbtPC doped with 

SR-DPPE after 41) rain of hyd, qlys, is [27]; Scale bar is 20 p.m. 

20] and research about potent phospholipase A~ in- 
hlbltors [2t-26]. Recently fluorescence microscopy has 
proven to be yen, well suited ~o study the interaction of 
proteins with fi~n~'tionalized monolayers [27-32]. Using 
this method it could be shown that phospholip,,se A:  
can ~pecifically recognize and hydrolyze solid analo- 
gous lipid domak~_s of e.g. L-a-DPPC or L-a-DMPC. 
After a critical extent of monolayer hydrolysis the 
enzyme itself aggregates into regular shaped domains 
as shown in Fig. 1 [27,28]. It has to be pointed out that 
the phospholipase A.,. aggregated into these domains, 
formed after the active phase of the enzyme, is not 
active any more and does not interact with adjacent 
L-~-DPPC domains [28,31]. There is no reb,t;e.~ t:, t|,c 
aggregates (dimers or oligomers) discussed by Ja ine t  
al. in their careful mechanistic studies showi:ag that 
only the monomer is active [10f]. 

In contrast, lipid domain containing monola.~'ers of 
r,(~-L)PI)C fnon-hydroi~.zable substrate) do not imluce 
any enzyme domain formation even after ! -2  h. This 
indicates that formation of these protein domains is 
dependent on the hydrolysis reaction, However, the 
protein aggregation may be a secondary rather than 
primary consequence 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 
exi~ter, ce 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 effect of iysolipid and fatly 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 u.~-lecithin, lysolecithin and 
palmitic acid in various ratios. Such mixtures simulate 
the membrane composition after different extents of 
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enzymatic hydrolysis. Assuming that, beside:; lecithin 
itself, only its cleavage products and not additional 
reactions during '~he hydrolysis process (e.g. ac'/lation 
[33]) induce enzyme domain formation, one can expect 
spontaneous development of protein domains induced 
just by a monolayer of the suitable composition. 

On the basis that the fatty acid, which is known to 
highly influence phospho|ipase A:  activity [8], plays an 
important role in protein domain formation, three ad. 
ditional sets of experiments were performed. Pyrene- 
decanoic acid in a mixture with L-a-DPPC was used to 
investigate what happens with the ac;.d after the hydro- 
lysis process. The pyrene label allows to directly ob- 
serve inhomogeneously distributed acid within the 
monolayer after phospholipase A 2 hydrolysis. Further 
information about possible clustering of the fatty acid 
and thus about the charge dis;ribution of the lipid layer 
above the protein domains was obtained by studying 
the interaction of a cationic dye with the monolayer. 
Areas of high negative charge density becom~ appment 
due to binding of ~he dye. in addition the influence of 
negative charges on protein domain formation1 was 
investigated with the help of a diacctylene ca~boxylic 
acid which is immiscible with lecithin. 

Materials 

Pbospholipase A 2 (Naja naja), L-R.DPPC, D~- 
DPPC and ly,coPPC were purchased from Sigma. All 
phospholipids were of greate~ than 99% purity and 
showed single spots by 1 t C  analysis (chloroform/ 
methanol/water (65:25:4, v/v) as eluting solvent). 
Palmitic acid was purchased from Fluka (puriss grade) 
and used as supplied. The d[aeetylene earboxylic acid 
was prepared as described e!sewhere [34]. Fluores- 
cence labeled lipids (SR-DPPE, pyrenedecanoic acid 
and C(~-NBD-PC) as well as the cationic dye (1,1',3, 
3,3',3'-hexantethylil~docarbocy~nine !odide) and sul- 
forhodamine isothiocyanate were purchased from 
Molecular :'robes-and used as supplied after checking 
purity by TLC analys~s. Fluoresceht isothlocyanate was 
purchased from Aldrich and used as supplied. Water 
for buffers was distilled on glass and purified through a 
Millipore filtration apparatus (18 MOhm resistiviG'). 
Isotonic Trig.baY'er (10 mM Tris, 150 mM NaCl, 5 mM 
CaCI 2, pH 8.9) was prepared by dissolution of salts i)l 
10-time concentration and diluted with pure water to 
the proper concentration for mono!aycr subphases for 
each experiment. 

Phospbolipase A~ was dissolved from the suppHer's 
0ottle (without further purificatie, n) ir~ buffer and la- 
beled with fluoresceix~ isothiocyanate or sulforho- 
damine isothiocyanat¢ by the method of Nargessi and 
Smith [35]. Labeled phospholipase A 2 ~as separated 
from unreacted fluorescence probe and buffersalts on 
Pharmacia PD !0 columns (Sephadex G-25M) cclui!~- 
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bratcd in pure water, and lyophilized unde: protection 
from light and heat. Labeling on a stm~tical basis 
provided about two m~rker moleculer on a~l e,~timated 
six lysine residues. Labeling of the same ,:,lzyme by a 
similar method was shown to lower the degree of 
hydrolytic activity depending on the degrt:e of labeling 
[30]. Experiments on the kinetics of hydrol,/sis of L-et- 
DMPC monolayers show only slight diffr:rences in ac- 
tivity before and after labeling (method (;es~:ribed else- 
where [37]). Enzyme solutions for monolajer studies 
were made by dissolving the labeled en;3,me in buffer 
to give 0.01 mg/ml soimioas. Allquots of 1 ml were 
frozen at -22°C until thawed amb~ently be.~bre use. 

Phospholipid monolayers were spreal~ from chloro- 
form solutions (0.1-0.5 mg/ml). For the ~ m.xed I:qono- 
layers, appropriate volumes of equimo;ar .;tock solu- 
tions of the pure iipids were premixed ;~.nd .;pread. All 
lipid solutions were doped with 0.5 mol~ fluorescence 
lipid (SR-DPPE or C~-NBD-PC), a pr,~be conccnlra- 
,tion so dilute that no detectable changes i~ isotherm 
behavior of the primary phospholipid comp meat were 
observed. 

Solutions of the cationic dye were made by dissolv- 
•ng the dye in buffer to girt: 1.3.10 -4/zg/ml solutions 
(2~75. I0 -7 tool/l). 

Methods 

Fl,~ort'scence filmbalance 
A complete description of the epifluorescenc¢ mi. 

cro~eope and associated Langmuir film balariee which 
is if.laced below it have been published elsewhere [38]. 
Excitation of fluorescence monolayer probe and la- 
beled ~:nzym¢ is achieved using a high-pressure mer- 
cury lamp. Discrimination of eycRation and emission 
from the different fluor¢~ence probes is regulated by 
conventional di~.hroic mirrors and interchange':ble cut- 
off filter,~.. Obse~vatlon of the emitted fluorescence 
signal is p~-~sih!e either v~ually or via a low level video 
camera. Film balance measurement:~ are controlled 
through ~n interfaced t,ersonal computer. Video 
recording of the mone!ay'~:r through ~he video camera 
was initiated at ~arious tim~: i,.~ints of film observation. 
Photographs shown are dize¢¢l~ t~ken from the vir~¢o 
sc reen .  

Moaolayer im'est~gations 
A d~tal labeling technique was used for all e~.~peri- 

ments to distinguish moe~layer lipid domain morphol- 
og~ from phospholipase A.  action or dye behavior 
occurring in the. aqueous subphase [27,28]. The experi- 
mental procedure is almost the same for all investiga- 
tions. It only differs in the labels used for the r, mno- 
layer a ;~  the ,~n :yme: 

(1) lnteraeI:ion of phospholipase A 2 with mixed 
rnonolayers of lecithin, lysolecith~n and palmitic acid 

was studied using either SR-DPPE as the label in the 
monolayer and fluorescein as the label on the enzyme 
(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 moan- 
layer. 

(3) Sulforhodamine-labcled enzyme was used fo~- 
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 pyrene labeled acid itself can directly be 
visualized. 

(4) Interaction of phospholipas¢ A 2 and the cationic 
dye with mixed monolaycrs of D-a-DPPC/diacetylene 
carboxylic acid was performed using the C6-NBD-PC 
label in the monolayer and sulforhudaminc-labeled 
enzyme. 

Phospholipid solutions were spread on a buffer st:b- 
phase at 30°C. After spreading, the monolayer was 
immediately compressed at a rate of 2.5 A2/mol per 
rain. At a surface pres~u,-e of 17-20 mN/m the barrier 
was stopped and either the enzyme sotution (0.2 ud = 2 
/~g phospholipase A .,) or the dye solution (0.5 ml = 0.07 
/zg dye) were injected into the subphase under the 
mon31ayer. Frc,m this tim=." on the pressure wa.~ k~:pt 
constant. Especially mixed films with a high content of 
lysoPPC and pahnitic acid are unstable on standing 
al:d the pressure decreases within l0 rain. This may be 
caused by the relatively high wa~er solubility of the 
tysoFFC. 

During compression and after :addition of enzyme or 
dye, the mnno!ayer and subph~se were directly ob- 
ser,.,,~d ¢,ii|1 tl,e fluorescence microscope. Observation 
was performed using alternately two interchangeable 
cut-off filters, corresponding to signals from the sul- 
forhodamme label (Zeiss filter 487714) and the fluores- 
coin label (Zeis,~ filter 487709), ~espectively. Hydrolysis 
ot the pyrene acid containing films was visualizt~d u::ing 
a pyrene filter (Zeiss filtt:r 487702) and the ~ulforho- 
damine filter. 

Results and I~iscussinn 

Formation of solid analogous lipid domains during 
the main phase transition in lipid monolaycrs has been 
described using a nmaber of dlifferent fluorescence 
micros~:opy syatems [38-43]. Altho~gh many investiga- 
tions of pure syst~,ms have been forwarded [44-47] only 
little attention has been given to mixed monolayers 
which therefore are not well characterized by this 
lnethod [48]. 

hz~,e~tigatiens of ternary mixtures of DPPC, J..a-lysoPPC 
mid pabnitic acid 

Different mixtures of DPPC (L-form and o-form), 
L-a-lysoPPC and palmitie acid were used to study their 



TABL.E I 
Domait~ fore,alton in ternary mixed .,~zom~ta)'ers of ~PPt.'. lysoPPC and 
pabnitic ac,'d 

The ratio of lysoFPC/palmilic acid is always I:1~; compression 
speed 2.5 A"/mol per rain. 

DPPC I, Hydrolysis pr*~ucts Monolayer behavior 
(tool%) ly~PPC/palmitic at 18mN/m ~ 

acid (tool'S,:) 

B0 20 homogeneous 
70 30 homogeneous 
60 40 homogeneous 
50 50 domain formation; size = 5 pm 
40 60 domain fi)rmation; size ~ 10 pm 
30 70 domain formation; size = 20 p.m 
20 80 domain formation; size = 3(} pm 
15 85 domain formation; size = 40 p.m 
I(I 90 domain formation; size = 60 p-m 

" This corresponds to the ratio achieved in the hydrolysis of DPPC, 
l, Both the ~- and tile I.-fi)rm were used 

If the surface pressure is further increased an additional 2D-crya- 
taiiization ol DPPC is induced. 

interaction with pho,~pholipase A 2 simulating the com- 
position of the monolayer after different extents of 
hydrolysis (Table !). The ratio of L-a-lysoPPC/palmitic 
acid is always 1 : 1 as it is formed during the hydrolysis 
process. 

After spreading of the ternary mixtures (given in 
Table I) doped v,ith 0.5 tool% DPPE-SR on buffer 
subphase the lieuid analogous monolayers 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 chr.nge during compression up to 20 m N / m  
(compres,:ion speed: 2.5 ,~2/mol per rain). However, 
compress:on of t,'lixed mor~olayers containing mnre than 
40% of the 1 : 1 mixture of lysoPPC/palmitic acid lead 
to phase separation and formation of grey domains of 
unknown composition. Similar results indicating phase 
separation have been obtained with liposomes of 
DPPC/lysoPPC/palmitic acid [49]. The mixed do- 
mains appear grey because, unlike the black domains 
of pure DPPC, the fluorescence dye is not completely 
excluded (Fig. 2B). Further compression leads to an 
increase in numher and size of these regular shaped 
mixed domains. The compression speed plays an im- 
po.-tant role for monolayer morphology. Higher com- 
pressio~ speeds (20-10 ,g,Z/mol per mint inouce an 
additional 2D-crystallization of DPPC at Iowvr pres- 
sures (10--16 raN/m). These black lipid domains arc 
pot stable on standing and slowly disappear forming 
the same mixed ~rcy do:',ains, directly visible using th:  
slow compression sp~cd. 

After i~jection of fluoresccin-labeled phospholip~,s~ 
A :  below the domain containit+g monolayer (at 18 
mN/m) ,  spontaneous binding of the ¢,nzyme onto these 
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mixed grey domains can be visualized by switching the 
filter to view the fluoreseein fluorescence. Domains 
which are grey in the sulforhodamine filter appear 
bright in the fluovcscein filter already after 1-2 min 
(Fig. 2C). This rapid binding of the e n ~ m e  to the 
monolayer [,; even more noteworthy when it is com- 
pared v, lth the slow formation of pro',ein domains 
during hydrolysis of L-a-DPPC or L-a-DMPC monolay- 
er~ [27,28,31] by phospholipa.~¢ A 2 (about 40 rain, se~ 
Fig. i). 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% t.-a-DPPC with 90% lysoPPC/palmitic acid (1 : 1) 
simulating nearly complete hydrolysis of a lecithin 
monolayer. The shape of the mixed domains and there- 
fore also of the protein domains i,,; nearly the same as 
that observed for hydrolysis of L-{w-DPPC after 70 rain 
[27] (see also Fig. I). 

W~:iting for some time after pbospholipase A ,  injec- 
tion (30 mint leads to slow hydrolysis ~f the l~cithin in 
the liquid analogous phase due to the excess of free 
enzyme in the subphase. This causes a Sider increase of 
protein domain size like during the hydrolysis of a 
lecithin monolayer [27,31]. 

it is important to note that the same phase ~epara- 
tion of mixed domains within the monolayer and also 
the fast binding of phosl~holipase A 2 to this a~omains 
can be obtained with the non-hydrolyzable v-a-DPPC 
instead of the ~-a. DPPC !n the mixtures with the only 
difference that the protein domains 0o not increase in 
size with time. Tho D-form of the lecithin c~m be 
recognized but not hydrolyzed I~y phospholipasc A 2 
[21]. Th'~s it appears that recognition of the headgroup 
of the lecithin, but not its cleavage, is necessa~ for 
rapid a~gregation of the protein under the n~ixed 
monola~er. On th~ vlh~r hand the lecithin headgtoup 
may not be needed at all to form the protein domt~ins. 
Thus the question is still open which components really 
induce the rapid enzyme domain formation without 
enzyme activity, 

Itu'estigations o f  binary mixtures 
in order to ootain information about which cf  the 

hydroly~ds products in the terna~' mixtures arc aeces- 
saw to induce phase separation followed by rapid 
enzyme aggregation at the monolayer, binary mi.,:tures 
doped with 0.5 tool% SR-DPPE were ir~vestigated (Ta- 
ble IlL 

All t~ixtures containing ~.a-DPPC mid palmil, c ac'M 
show nearly the same behavior as the tcrna~ ones. 
Directly afte~ spreading on buffei subplmsc the mone- 
layer looks hemogcneously bright in the sulforho- 
:lamine fiRer. After compression small grey domains 
~utuetime.s bright at the borders appear if the amount 
of  palmi~tic acid is higher than 30% (Fig. 3At. This 
phenomenon of phase separation in DPPC/palmitic 
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sulforhodamine filter (monolayer) 

A 

~ AII  

sulforhodamine filter {rnonolayer) 
B 

fluoreseein filter (enzyme) 

Fig. 2. Inlerm:lion of fluoreseein-labeled nh.,~pholipase A a with 
mixed monolayers comic)seal ~)f qll% I!mPPC/palmitie acid and lilts} 
t.-a-D~PC doped with !1.5 rod;C:- SR-DPPE: {A) homog,:neous Iluo- 
reseeucv, of the liquid an:dogous mir;ed munolayer (rr I = I raN/m): 
(B~ tnmprcssion leads In phase separation el  grey domains of un- 
I,now,1 comlx)sition (*r: = 18 mN/m); (C) f{uoresceln-labeled phos. 
i'~holipa:,: ..n, injected underneath this monolayer binds very. quickly 
!o ~hese raced domains whicl~ thu~ at,I;Car bright in ;he fluoresccin 
filtetr Suhpbase! Tris buffcr (pll 8.91; Temperature = 30°C: Scale bar 

in (AI is 211 urn. 

TABLE H 

Domah~ [omzation m b:,.,cn, mh'ed monolayers of DPPC / lysoPI~C, 
ly.soPP(" / pabnitic acid and DPP(" / pabnitic acid 

The c~}mprcssion sp,;ed is 2.5 .'~a/mnl per rain. 

I~-~.-DPPC LymPPC Palmitic Monolayerbehavmr 
(n 'ml '~) (nml'7;) ac;d at 18 mN/m 

Itno~¢; ) 

0 511 511 homogeneous 
70 311 (1 homogeneous" 
511 511 11 homogeneous" 
25 75 0 homogeneous ' 
~;~ 1} 2{? only DPPC dt~mains 
Ill 0 30 domain fl)rmat,on ~:; si*.~: - 3 i.Lm 

I R! 11 411 domain t'ornlalion; size --- Ill gilt 
~0 l) 511 domain h)rntation; size = 25 ~ m  

41) (~ f'd~ immiscible wilh labded lipid 
25 l) 75 immiscible with labeled lipid 
17 II 83 imiltisciblc with labeled lipid 

,' If the surface prcsst,-e is further increased crystallization of DPPC 
is induced. 

I, Very small doing'ins only visible in tile iluorcseem fihe., alte~ 
injection of fluore~ecin-lal'~eled phosplmlipase A,. 

acid mixtures is a l ready knt~wn from l iposomes [5(I-52]. 
Dur ing  fu r the r  compress ion  u p  to 18 m N / r a  tllcsc 
mixed 0omains  grow in ~ize and  n u m b e r  (Fig. 3). 

In cont ras t  to te rnary  mixtures where  only grey 
domains  a p p e a r  in the monolayer  dur ing  compress ion  
up  to 18 r a N / m ,  use of  b inary mixtures of  o - a - D P P C /  
fatty acid leads to an  addi t ional  crystall ization of  DPPC 
(Fig. 3B). Thus  at !8 rnN/'t~L one finds a cocxhitcncc 
be tween lecithin domains  (black in the sul forhodamit :c  
"::tcr) a n d  mixed domains  (grey in the su l fo rhodamine  
filter). In the following exper iments  only the behavior  
of  the i',iixcd grey domains  will be discussed. Size of  
these mixed domains  dc0ends  s t rongly on the an otmt  
o f  fatty acid used in the mixture.  In the case of  50% 
palmitie acid in the monc layer ,  the phase  sepa ra t ed  
a reas  are  of  regular  shape  and  clearly visible (d iamete r  
about  25/ . tm) .  Decrease  o f  the a m o u n t  of  acid results 
in dec reas ing  size of  the domair~s a n d  at  a concen t ra -  
tion of  311% palmit ic  acid no phase  separa t ion  of  mixed 
grey domains  can be  de tec ted .  Increas ing  amoun t s  o f  
fatty acid ( > 50%) cause  immiscibility of  the lipids with 
the appl ied f luorescence dye and  therefore  these mix- 
turcs  could  not  be  examined  with this method ,  

i f  f luorescein- labeled phosphol ipase  A ,  is injected 
u n d e r  a mixed monolaycr  o f  D P P C / p a l m i t i c  acid which 
conta ins  ph:t~e s epa ra t ed  mixed domains  (Fig. 3B,C; 
a r row)  as ~el l  as black D P P C  domains  the enzyme 
rapidly binds to the grey domains  within 2 rain as 
a l ready shown fur  the t e rna ry  mixtures in Fig. 2. These  
mixed domains  can  now be easily di ,a inguished f rom 
the black lipid domains  of  pure  lecithin b.v switchi~g 
the filter to view the fluorescein f luorescence ' l : ig. 3C~. 



Only  the mixed domains  a p p e a r  br ight  due  to enzyme 
binding and  =~o prote!n ~:an be faun;l  below the black 
lipid domain~i. In additio,-., the liuoresceit~-Iabeled 
phosphol ipasc  :~ .. allow,; detect , , ;n of  phase  separa t ion  
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also in the mixture with 30% palmitic acid. The  mixed 
domains  are  very' small and  therefore  only visible in the 
f luorescein filter as smal~ p inpoints  of  light af ter  en-  
Z3:lll~ binding.  The  whok. process  of I.hasz seoara t lon  

(1) (2)  

o i i l  

Fig. 3. Interaction of fluorescein-labeled phospholipase A2 with raged monolayers consisting of (|1: 70C, DPPC/30% palmitic acid; 121: 50f,; 
DPI)C/'50% palmitic acid doped with 0.5 tool% SR-DPPE: (A) phase separat¢~! mixed domains of unkn~,~o conq3osifion t'n" I = 12 raN/m); (B) 
compression f,"r: = 18 raN/m) leads to an additienal cWstalli/.ation of snAid analogous t~PPC around the mixed grey domains (arrow); 1C) 
fluorest:cin.laheled phospholipase A 2 (njt:cted under this monolayer hinds very quickly (within 2 min) to these mixed grey domains which thus 

appear bright in ~he fluorescein filter (arrow); Subphase: TrN buffer (pH = S.9)'. ~'z:.~Fcrature ,- 30°C: Scale bar in (A'P is 21) #m. 

sulforhodamine filter (monol; ~_~) = 

sulforhodami~e filter (monolayer) sulforhodamine filter (monolayer) 

, r iq l  
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and enzyme interaction is shown in Fig. 3 for monolay- 
ers which contain 30% palmitic acid (1) and 50% 
palmitic acid (2). 

In mixed :;ystcms of lysoPPC/pa';nitic acid and 
DPPC/lysoPPC no phase separation of mi~,ed do- 
mai~s can be detected. These results are in good 
agreement with results obtained widl liposomes [49,53] 
showing complete mi~ibility of the two components in 
both ~a:.es. The mixed monolayers appear homoge- 
neously bright in ',he sulforhodamine filter and nothing 
changes during e.~mpression up to 25 m N / m .  Injection 
of fluoreseein-laaeled i~hospholipase A 2 at 18 mN, 'm 
msuhs in !lomo.~.eneoas fluorescein fluorescence with 
~to domain forrmtion occurring even after a 6(1 min 
wait. This is a '~inrther hint that both palmitic acid, as 
well as uncleared lecithin, arc necessary to induce 
enzyme aggregalion, i--iowever, it can not be excluded 
that the I~soPPC in the mixture leads to an increase of 
pho,';pholipase A z binding to the wh,,;c monolaycr as 
discussed for liposomes [54]. 

Jcderaction of mLred monoktyer:; with a cationic dye 
For further characterization of the mixed domains 

which induce preferential binding of phospholipase 
A , ,  interactic,n :ff these ntixed domains with 1,1',3,3, 
3',3'-hexamethylindocarbocyanine-iodide (I) was exam- 
ined. This dye has a positive charge and binds very 
strongly to negatively ckarged interfaces [55]. Jain et al. 
have alread~ used this, dye in liposomal systems to 
stndy the influence of charges on phospholipasc A 2 
activity [56]. 

CHa ella 

Ct}mr~3und l 

The flv.,-t'escence spectra of the cationic dye has a 
broad emi~rion peak at 5fi0 nm detectable with the 
sulforhodal,~:ine filter [57]. Therefore a C,-NBD-PC 
label visibl~ with the fluorescein filter was used to 
study the interaction of the cationic dye with the mixed 
monolayers 

After spreading of the appropriate mixture o n  buffer 
subphase the mol o!ayer looks homogeneously bright in 
the microscope (tCuorescein filter). Compression lead:~ 
to phase ,;epa:ation of domains which are slightly 
brighter than the matrix because of a higher content of 
labeled !ipid (C,-NBD-PC) within the domains. Injt, e.. 
tion of 0.5 t.-iI of the dye solution under the monolayer 
leads to direct binding of the dye to the phase sepa- 
rated areas indicating that negative charge (fatty acid) 
is omcentr~ted in these areas The catinnie dye 1 and 

phospholipase A 2 show rapid binding to the same 
phase separated areas suggesting so far that prefer- 
ential binding of phospholipase A 2 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 cationic amino acids [8] which are impor- 
tant for enzyme binding to interfaces [8,58--62]. 

Them findings are in agreement with results from 
Ja ine t  al. showing that hydrolysis of DMPC vesicles 
with phospholipase A 2 leads to pt'efere'atial binding of 
the cationic dye after a certain extent of hydrolysis [5f~]. 
Their results are interpreted to imply that the hydroly- 
sis products (especially the fatty acid) phase separate 
above a certain concentration and th:rt this leads to 
binding of the cationic dye as well as to binding of a 
higher amount of on . 'me .  All these results, indicating 
phase separation of acid containing mixtures, are ob- 
tained by indirect evidences and domain formation of 
the enzyme is not mentioned. Fluorescence microscopy 
gives the first direct evidence of phase separation , f  
negative charged domains. In addition one can directly 
visualize that these domains can sp~:cificall:~ bind the 
cationic ,.lye as well as the labeled phospi~olipase A, .  
At this point of the discussion it is ,,,.till unclear it the 
high negative charge density is the only reason for the 
fast decking of the enzyme to the phase separated 
mixed domains or if the lipid headgroup has an addi- 
tional influence. 

Hy:t.r'J..~'sis of a mLred monohaycr oj  t.-a-DPi'C / 
pyrcnet;ccanoic acid 

Vi.':aalization of the hydrolysis of a mixed film of 
I.-a-E,'PPC with pyrenedeeanoic acid (ratio 5: l) by 
phospholipase A 2 offers the possibility to directly see 
what happens ,~ith the acid duriv, i~ hydrolysis reaction. 
images of different times durhtg hydrolysis of this 
mixed monolayer are given in Fig. 4. 

Directly after spreading the film looks homoge- 
neously bright in the pyrene filter (label in the mono- 
layer~. Compression leads to formation of I.-ot-DPPC 
domahts which may contain small amounts of pyrene 
decanoic acid (Fig. 4A). After injection of sulforho- 
damine-labeled phospholipase A:~ at 20 m N / m  the 
enzyme starts to interact with the lipid domains [28] 
They de:tease in size with time (Fig. 4B) and after 3tt 
min, large enzyme domains can be visualized (F2g. 
4C,D). These protein domains are now not only bright 
in the sulforhodamiuc filter (label of the enzyme) but 
also in the pyrene filter (pyrenedecanoic acid: label in 
the monolayer). This clearly indicates that the acid 
itself phase separates out of the mixed film and is 
concentrated above the protein domains as proposed 
above. Whether the monolayer above the protein do- 
mains COilSiSts (,~taly of the acid, or of a mixture of acid 
~:i_~d /)PPC, c,,.n still not be cle;,rly distinguished with 
these measurements alone. 



hzte'action of phospholipase A ,  and the cationic dye 1 
w;th pure carboxylic acid dontahts withhz a liqaid analo- 
gous o.~t-DPPC matrix 

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

9. 
H3C" (CH2J~ C.=-C- C~ C - (el : ~ -  0"  C-CH 2 

H~C- (CH.~ C-= C. - C-= C- (CHz)~-.- O- C- CH- S- CHa- COOH 

Compound 2 

This acid has a high tendency to crystallize and ,~he 
pressure/area diagram shows only a solid analogous 
phase [34]. Directly after spreading of a mix;.ure ef 
D-a-DPPC/diacetylene carboxylic aci(I ( i :  i) doped 
with 0.5 mol% C,-NBD-PC, h'rge, well defined, char- 

185 

ac,teristically shaped s, tlid analogous acid domains [63] 
art: visible ( f i r  1-2 mN/m).  At this low pressure the 
DPPC is far away from any tendency to cJystallize~ Due 
to ~ts immiscibility with the diacetylene carbo~li," acid 
one can assume tltat the black domains visible in the 
film consist of pure acid. Futlher compression leads to 
an increase in size of these domains anU at a pressure 
of 18 m N / m  the barrier is stopped to prevent cocrys- 
tallizafion of DPPC. 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 rain) of the dye to the acid domains 
showing the high r, egati~c charge density w~thin the 
domains as expected for ~ure acid (Fig. 5 (1) lil). After 
addition of sulforhodamine-labeled phospholir~ase A 2 
no binding of the enzyme to the acid domains can be 
detected (Fig. 5 (2) B). This is in contrast to tht: mixed 
systems with DPPC/lysoPPC/palmitic acid and 
DPPC/palmitic acid, where dye and phospholipase A z 
sbnw the same preferential and fast binding to the 

I 

pyrene !.!!!er i sulforhodamine filter (enzyme) 

im 
Fig. 4. Hydrolysis of a mixed monolayer of DPPC with pyreneclecanoie acid (5 : I ) by sulforh,~damine-labeled phospholipase A ~; the monolayer is 
seen through the p'arene filter and the enzyme is seen through the ~,ulforbodamine .qlte~: (A) dark solid ::natogous lipid domains in a bright liquid 
analogous matrix; (B) phospholipas¢ A~, has partially hydrolyzed the solid analogous lipid domains; (C, ~, t,D} protein domains in coexistence with 
residues of solid a,miogous lipid in a liquid analogous mh~rix, enzyme domains appear brisht in the pyren¢ filter tcnrichnmnt of pyrenedecanoic 
acid above the protein domains) as well as in Ihe sulforbodamine filter (fluorescence of the labeled enzyme): (A): r = 0 min; (B): ¢ = 10 rain: (C), 

(D): t = 30 rain; ~ ~ 20 raN/m: Subpha~: 'Iris buffer (pH 8.0); Temperature = 30°C; Scale bar in (A) is 20 p.m. 
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mixed domains. The different interaction of the cationic 
dye 1 and the sulforhodaminc-labcled enz3,mc with the 
diacetylene carboxylic acid (2) domains within the fluid 
D-a-DPPC matrix are compared in Fig. 5. 

This  direct  comparison of dye and enzyme 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 to 
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 

assumption is schematically shown in Fig. 6, i l lustrating 
two facts: 

( I )  Interaction of labeled phospholipase A 2 with 
pure acid domains leads to an equilibrium between 
bound and free enzyme due to ionic interaction but no 
enzyme domain formation can be detected. 

(2) lnj~;ction o f  the enzyme below monolayers con- 
taining acid domains with incorporated lecithin head- 
groups leads to fast binding o f  the protein to these 
domains. 

Thus rapid protein domain formation seems to be 
induced by both, charge-charge interaction with the 

A 

(1) (2) 
fluorescein filter (monolayer) 

1 
sutforhodamine filter (dye) 

B 

Fig. 5. Interaction of the cationic dye. (l) ~nd sulforhodamine-labeled phospholipase A 2 (2) with a mixed monolaycr of diacetylcne carboxylic acid 
2 and D..a-DPPC (l : I) doped with 0.5 mol% Ch-NBD-PC: (A) black solid analogous acid domains in the liquid analogous matrix of D-~-DPPC 
(or = 18 raN/m), (B) interaction of the dye (l)/thc enzyme (2) v.ith the mixed mcnolayer: (I) after injeclion of the dye I 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 
preferential binding of phospholipase A~ to the acid domains can be detected; Subphase: Tris buffer (pH 8.9): Temperature = 30°C: Scale bar in 

(A) is 20/zm. 



(1) (2) 

Fig. 6. Schematic representation of the proposed influence of recog- 
nizable hcadgroups on the induction of phospholipase A 2 domain 
formation; (I) A: monolayer with pure acid domains: B: injeclinn of 
labeled enzyme leads to an equilibrium between bound and free 
enzyme due to charge-charge interaction - no domain formation of 
the protein is detectable; (21 A: momJlayes with acid domains which 
contain a small amount of recognizable headgmups: B: injection of 
labeled phospholipase A,  leads to direct binding and thus domain 
h~rmatiun of the enzyme doc to specific interaction with lecithin 
hcadgroups and charge-charge interaction with the anionic lipids 

present in the munulayer. 

anionic  monolayer  as well as specific in teract ion with 
the headgroup .  In the general ly  accep ted  scheme for  
interracial  catalysis of  phosphol ipase  A ,  at  interfaces  
[2,4,8], three  di f ferent  equil ibr ia  can  be  dis t inguished:  
at first the equi l ibr ium be tween  free enzyme and  b o u n d  
enzyme,  secondly the equi l ibr ium be tween  b o u n d  en- 
zyme a n d  the b o u n d  enzyme-subs t ra ta  complex and  a t  
last the equi l ibr ium be tween  the b o u n d  enzyme-sub-  
s t ra te  complex and  b o u n d  enzyme a n d  p roduc t .  

E ~  E'~ + S ~  E~'S~- E* +p 

Cons ider ing  the first two equil ibria ,  one  possible expla- 
nat ion for  enzyme doma in  format ion  can  be proposed:  
incorpora t ion  of  recognizable  headg roups  within the 
acid domains  leads to a shift of  the E to E*  equilib- 
r ium to the E * +  S to E * S  equi l ibr ium because  now 
subst ra te  molecules  are  presen t  in the  interface and  
format ion  o f  tile E * S  complex is possible. Wi thou t  
subs t ra ta  molecules  only the  first equi l ibr ium exists. In 
addi t ion  it would  bc  interes t ing to find ou t  if the  
carboxylic acid has  a specific influence on  enzyme 
domain  format ion  o r  if it can  be rep laced  by o the r  
anionic  addit ives like sulfonic acid o r  phosphon ic  acid. 
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