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Abstract-A method for the immobilization of trypsin. a hydrophilic nonmembrane protein. on a 
liposomal surface has been developed. The technique consists of covalent coupling of linoleoyl residues 
to the protein globules and consequent binding of linoleoyl trypsin to liposomes by a detergent dilution 
method. The immobilized protein preserved its biological functions: specific csterolytic catalytic activit! 
and ability to bind to a macromolecular trypsin protein inhibitor. Liposomes carrying immobilized 
trypsin were able to sequester glucose with the same efficiency as liposomes without trypsin. 

According to the current point of view, the most 
promising method for directing liposomes towards 
particular cells is to modify the liposomes with mol- 
ecules that have a specific affinity for these cells 
[l-3]. There are such proteins as immunoglobulins 
(or their fragments), enzymes with their specific 
sorptive sites, and lectins, which are potentially suit- 
able for this purpose. Two approaches for the 
immobilization of nonmembrane hydrophilic pro- 
teins on liposomes were devised: noncovalent and 
covalent binding. Noncovalent binding (adsorption 
of proteins on, or insertion into, liposomal mem- 
brane [4-81) is of limited utility (see Ref. 3 for the 
critical review). The covalent binding approach was 
developed by analogy to well known methods of 
enzyme immobilization on a variety of supports 
(9-12) and seems to be very promising. 

Recently, a third approach to the immobilization 
of proteins on the liposomal surface was suggested, 
which is a combination of the first two approaches 
[13, 141. It includes a covalent binding of long 
hydrophobic chains of palmitic acid to a protein and 
consequent adsorption of the protein onto the lipo- 
somal surface due to the protein tail-liposome 
hydrophobic interactions. 

However. the use of palmitic acid derivatives as 
a hydrophobic anchor has led to a highly hetero- 
geneous immobilization [13, 141. More than half of 
the liposomes were protein-free after an attempted 
immobilization of palmitoyl chymotrypsin [14]. 

It is not clear why some of the liposomes did not 
bind protein molecules or bound much less than 
others. One of the possible suggestions is that the 
conformational properties of the hydrophobic tails 
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may be important for the immobilization process. 
The average conformation of long saturated hydro- 
carbon chains should be rather coiled due to free 
rotations about each C-C bond. It is possible that 
such a shape may make it sterically difficult for the 
tail to penetrate the liposomal surface or to partici- 
pate in lipid bilayer formation. Polyunsaturated 
hydrocarbon chains with their more expanded con- 
formations might have advantages for these 
processes. 

I report here the use of diunsaturated linoleoyl 
residues for the hydrophobization of trypsin. This 
method leads to a homogeneous and extensive 
immobilization of the protein on the liposomes. 

MATERIALS AND METHODS 

Materials. The following were obtained from the 
Sigma Chemical Co. (St. Louis. MO): bovine trypsin 
(Cat. No. T8003). twice recrystallized with concen- 
tration of active sites of 63% [15], N-a-benzoyl-L- 
arginine ethyl ester (a specific substrate of trypsin). 
picryl sulfonic acid (titrant for H:N groups of pro- 
teins), trypsin inhibitor from beef pancreas, egg yolk 
phosphatidyl choline (chromatographically puri- 
fied), cholesterol (>99%). and cholic acid. Clor- 
anhydrides were obtained from Supelco Inc. (Bel- 
lefonte. PA). [“ClCholesterol, [‘HIglucose and 
sodium [‘“Clcholate were obtained from the Radio- 
chemical Centre (Amersham. U.K.). Sepharose 4B 
CL was a commercial preparation of Pharmacia Fine 
Chemicals (Uppsala. Sweden), The rest of the 
reagents used in this work were analytical grade 
preparations. 

Preparation of liposomes. A detergent-removal 
method was employed to prepare liposomes from 
egg yolk phosphatidyl choline and cholesterol (molar 
ratio 8:2) using [“C]cholesterol as a membrane 
marker and [3H]glucose as an inner aqueous space 

1207 



I208 \‘. s. C;C)L.I~MACHtK 

marker. Solutions of 17,; sodium cholate. which con- 
tained lipid constituents (total 5 mM). trace amounts 
of radioactive markers. 0.135 M NaCI. IO- ;2;1 
Tris-HCI (pH 7.0). and, in some cabes. 25 ;tM trypsin 
(native or modified) were passed through a Sephar- 
ose 4B CL column (1.5 x .SO cm). In preliminar! 
experiments it had been shown that liposomes ne\:er 
contained more than 0.5“; (molar) choke from 
total liposomal lipids. 

MCLISIII.E~WII~ of rr?p.sin c~atrrl~tic wtiuif\‘. Trvpsin 
acti\it) \vas determined potentiometrically ‘in a 
Radiometer titration system by the initial rate of 
catalytic hl,drolysis of a 3 mM solution of the specific 
substrate R:-c7-bcnzoyl-1.-arginine ethyl ester in 
0. I35 M NaCl. i.e. at the substrate saturation [lb]. 

Cordr~zt modific~ariorl of fr~,psirl hx acyl chlorides. 

A 30-rlmole sample of a chloroanhydride was added 
to 10 ml of a 5O;rM trypsin solution contammg 
30 mM sodium cholate. 0.145 M NaCl. and 20 mM 
benzamidine. a competitive trypsin inhibitor. at pH 
8.0 and 0”. Benzamidine was added to prevent 
autolpsis of the enzyme. The mixture was irradiated 
by ultrasound for 1 min (for mixing) and then incu- 
bated for 5 min at 0’. pH 8.0. In this time interval 
all excessive chloroanhydride underwent hydrolysis 
(potentiometric data). Titration of H:N-groups of 
the protein with picryl sulfonic acid [17] was done 
to determine the quantity of amino groups acylated 
by linoleoyl chloride. 

Elecrrorl microscopy. The electron microscopy 
studies were performed on a JEIv-1OOC electron 
microscope. The suspension of liposomes was sup- 
plied on ;I grid covered with formwar film. Samples 
were negatively contrasted with 5c/r uranyl acetate. 

Stutisricrrl trwltmetzt of rrsult~. Results are rep- 
resented as means i standard error of the mean: N 
is the number of independent experiments. 

C‘orwlmt modijication of’trypsirz by linoleoyl chlor- 
ide and palmitoJ.1 chloridr. After the modification 
and centrifugation of the eyzyme solution. about 
63-68~~~ of the enzyme actlvlty remained in the 
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Fig. 1. Immobilization of linolcoyl trbp\in on liposomc\ t>! 
a detergent-removal method. (A) Gel chromatograph! 01 
25 ,uM linoleoyl trypsin (0) in an aqueous aolutlon c(,w 
taining 0.135 M NaCI, 0.01 M ‘I‘ris-tlC‘1 (pH 7.0). 4 mhl 
egg yolk phosphatidyl choline. I mM cholc\rcrol. 3 mM 
(1%) sodium cholate and trace amount< of [ ‘H~glucoac. 
8.5 Ci/mmole (A). and [ “CJcholcstcrol. 4.3 (‘i,‘mm~,lc 
(0). (B) Calculated from the Fig. IA ratio 01 trcp\in 
enzymatic activity (EA) to the quantit\ 01 radioactive chrj- 
lesterol. (C) Gel chromatography of 25.~1M linolcoyl tryprin 
(0) or 25 ,&I native trypsin (A) dissolved in aqueous 
solution containing 0.145 M NaCl and 0.01 M Tri\-HCI 

(pH 7.0). 

supernatant fraction. Titration ot the enz) me act11 c 
sites [15] has shown that the inactivation was not due 
to a change of catalytic properties but was a result 
of a disappearance of some of the active \ites. Acti\ t‘ 
enzyme had the same catalytic constant for .\‘-a- 
benzoylk-arginine ethyl ester enzymatic hydrolyG\. 
The number of linoleoyl chains coupled peg- one 
trypsin molecule was estimated to be 2.2 t O..?. 
N = 6 (titration by picryl sulfonic acid). The numhcr 

of palmitoyl chains per trypsin molecule M;IS 2.4 _: 
0.4 (N = 4). Native bovine trlpsin contain\ 
16 HzN-groups per molecule [ 161. 

Table I Immobilization of trypsin molecules on liposomc\’ 

t:n/\mc ;ictl\ll! 

I-cma,n,ng altcl 
Amount of hound Amount 01 inhibition I>\ ,111 

enzyme actlvit) Estimated number entrapped glucov c\cc\\ 01 
Cc; initially added of trypsin (“i inltlall\, added pancrcSltic tr! p\~n 

to the detergent molcculesi’lOi lipid to the dctcrpent Inhibit~~l 

Preparation wlution) molecules wlutlon) I/, 1 

Lipowmes with native trypsini 0.6 ? 0. I 3.2 (I.51 i 0 07 4’1 s 
Liposomes with palmitoyl 

trypsini: 0.0 Z 0.2 3,s 0.52 T? 0.0’~ .:; * 4 
Llposome\ with Imoleoyl 

trypsini: 12 i 7 62 0.50 Z (1.11’) .: .i b i 
Native trypsin In a wlution (1 

Palmitoyl trypsin in a solution I I/ . I/ : 
I.inoleo~l trypsin in a solution II ‘J i 0 : 

* Kesulta of three independent experiment\. 
.: ~rwcntv-fold molar cxccss: the same rcsultj L\crc obtained for %I- and 150-1~~1~1 molar c‘~cc\w\ (11 the ~nh11~11~11 
i AlI lip;,somc-containing chromatofraphic fractions were mixed together 
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Trypsin imrnobolization. According to the elec- 
tron microscopy data, multilamellar liposomes 40- 
100nm in diameter were obtained. The results of 
immobilization are represented in Fig. 1 and Table 
1. Native trypsin binds to liposomes in small 
amounts. Only 0.6% of the originally added enzyme 
activity could be detected on intact liposomes. 
Destruction of liposomes by Triton X-100 (final con- 
centration O.l%, v/v) led to a 1Zfold increase of 
the enzyme activity. The results fit a model in which 
the vast majority of trypsin molecules are seques- 
tered (encapsulated) inside liposomes and are inac- 
cessible (or not easily accessible) for a hydrophilic 
substrate (N-cu-benzoyl-L-arginine ethyl ester), while 
trypsin molecules which are located on the outer 
liposome surface (associated with the lipid bilayer) 
catalyze the hydrolysis. The liposomes were able to 
sequester a water-soluble hydrophilic marker, glu- 
cose. which is consistent with the model. We cannot 
completely rule out the possibility of substrate (N- 
B-benzoyl-L-arginine ethyl ester) influx into lipo- 
somes and participation of the entrapped enzyme in 
the substrate hydrolysis. Therefore, the enzymatic 
activity measured in the native trypsin-liposome 
complex before lysis may not be completely associ- 
ated with the trypsin molecules located on the outer 
liposome surface. 

Binding of palmitoyl trypsin was also poor (Table 
1). probably due to reasons discussed in the begin- 
ning of the paper. 

Quite different results were obtained for liposome 
immobilization of linoleoyl trypsin. About 12% of 
the initially added enzyme activity was detected on 
intact liposomes (twenty times more than in the case 
of native trypsin). After destruction of the liposomes, 
the enzyme activity increased only 1.4 times. 
Linoleoyl-trypsin-containing liposomes were also 
able to sequester glucose. These results are in good 
agreement with the fact that about 657~ of the 
immobilized trypsin was inhibited by a high molecu- 
lar weight inhibItor and. therefore, was located on 
the outer liposome surface (see below). 

Inhibition of trypsin by the protein inhibitor from 
bovine pancreas. Trypsin inhibitor from bovine pan- 
creas is well known to associate with trypsin in a 1: 1 
complex with a very high association constant of 
about 10”‘M-’ [18]. The protein specifically binds 
to the trypsin active site and is a competitive inhib- 
itor. In our study we used this model ligand for two 
purposes. First, we wished to examine the ability of 
liposomes with immobolized trypsin to bind to a 
macromolecular compound. Second, it was a way to 
estimate the lower limit for the number of trypsin 
molecules on a liposome surface. Trypsin molecules 
sequestered by the lipid bilayer would not bind the 
ligand as well as the trypsin molecules that were 
located on the liposome surface and extended into 
the bilayer. The data are represented in Table 1. 
About 65% of the linoleoyl-immobolized trypsin 

interacted with the inhibitor; therefore, their active 

sites were located on the liposomal outer surface. 
Another 35% of the active sites were apparently 
hidden inside the liposomes or within the lipid 
bilayer. 

Our observation of preferential immobilization of 
linoleoyl trypsin on the outer liposomal surface is 

not an unusual fact. Analogous results were obtained 
for other amphiphilic liposome constituents with 
cumbersome hydrophilic heads [lY-211. If we u5e 
theoretically estimated geometrical liposome par- 
ameters [22] and assume equal catalytic activities for 
immobilized and free enzymes, we can estimate there 
are about 3-5 linoleoyl trypsin molecules per uni- 
lamellar liposome (60 nm diameter). Figure 1 dem- 
onstrates that approximately the same activity of 
linoleoyl trypsin per 10’ lipid molecules was coupled 
to liposomes in all Sepharose chromatography 
fractions. 

Concluding remarks. The method of protein 
immobilization on phospholipid bilayer is of interest 
from several points of view. First. liposomes carrying 
on their surfaces proteins with specific affinities look 
promising for directing drugs to certain target cells 
in vivo and in vitro. Second. liposomes covered by 
non-antigenic proteins appear to be useful for avoid- 
ing the problem of liposome removal from the blood 
by the liver and spleen. Third, the possibility of 
incorporating nonmembrane proteins into lipid 
bilayers can be of interest for introducing protein 
antigens into cell plasma membranes by fusing cells 
with proteoliposomes as in the case of hpid antigens 
[23] and membrane proteins [24]. 
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