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The method previously described (Sinha, D. and Karush, F. (1979) Biochem. Biophys. Res. Commun. 90,
554-560) for the oriented attachment of immunoglobulins to lipid vesicles has been used to confer specific
reactivity on liposomes by their conjugation with anti-lactose Fab’ fragments derived from rabbit IgG
antibody. It is estimated that one-third of the Fab’ fragments was irreversibly attached to liposomal
membrane, resulting in a membrane concentration of 2 mmol of Fab’ per mol of total lipid. The specific
reactivity of the modified liposomes was demonstrated by agglutination with a multivalent, lactose-containing
diheteroglycan. The availability of virtually all of the binding sites of the attached antibody for reaction with
ligand was established by a fluorescence quenching titration with N-(N®-Dnp-L-lysyl)-p-aminophenyl-g-
lactoside. An intrinsic association constant of 8.9-10° M ~! was found for the attached Fab’ compared to a
value of 2.8-10% M ! for free anti-lactose Fab’. In addition the maximum values for the quenching by bound
ligand of the fluorescence of free and attached antibody were the same. It can be concluded that the chemical
procedures used to effect attachment of the antibody to the lipid vesicles allow retention of the original
structure of the antibody site and its accessibility to external components.

Introduction

The potential utility of specific antibody for the
targeting of liposomes has been widely recognized
in recent years and has inspired a variety of stud-
ies (e.g. Refs. 1-3). This prospect has acquired
enhanced significance as a result of the availability
of homogeneous antibodies through the use of the
hybridoma technology [4-6]. One of the require-
ments for this use of antibody is its stable attach-
ment to the vesicle membrane in a form and
amount which will permit specific and high-affinity
(i.e. multivalent) binding to target cells. Several
methods for the attachment of immunoglobulin

Abbreviations: t-Boc, r-butoxycarbonyl-; Dnp-, dinitrophenyl-;
Dns-, dansyl-.
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and other proteins to lipid vesicle membranes have
been described [2,3,7-10]. They may be limited in
their applicability, however, because of low ef-
ficiency of conjugation and /or because the specific
reactivity of the protein is reduced either for steric
reasons or by virtue of chemical modification.

We have recently developed a method for the
attachment of immunoglobulin to lipid mem-
branes which involves the conjugation of a hydro-
phobic anchor to a specific site on the protein, in
particular, the SH group generated by the reduc-
tive cleavage of the interheavy chain disulfide bond
[11]. As a result the subsequent insertion of the
anchor into the membrane is expected to yield an
orientation of the protein such that the combining
sites of the antibody remain accessible to ligands
in solution. An aiternative utilization of the SH
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group for the site-specific attachment of a mono-
valent antibody fragment to liposomal membrane
was subsequently described by Martin et al. [12].
In this report we describe the procedure for the
preparation of the conjugated derivative of the
Fab’ fragment derived from rabbit anti-lactose
antibody. We also demonstrate that the specific
reactivity of the antibody remains unchanged after
attachment to the lipid vesicles. This conclusion
was based on the measurement by the fluorescence
quenching technique of the affinity for a lactosyl
ligand in its interaction with Fab’ in solution and
with membrane-attached Fab’. A summary of the
results described in this report has been presented
previously [13].

Methods

Reagents. Dipalmitoylphosphatidyl-
ethanolamine (DPPE), dicyclohexylcarbodiimide,
dioleoylphosphatidylcholine (DOPC), di-
myristoylphosphatidylcholine (DPMC), diphenyl-
hexatriene and cholesterol were purchased from
Sigma (U.S.A.)). [*H)acetic anhydride (500
mCi/mmol) was obtained from Amersham and
[*H]cholic acid (16 Ci/mmol) from New England
Nuclear.

Preparation of [°’H]F(ab’),. Anti-lactose anti-
body was elicited in female white New Zealand
rabbits immunized with p-aminophenyl-B-lactoside
conjugated to bovine y-globulin [14). The specific
antibody was purified using a lactose affinity col-
umn and fractionated on a Sephadex G-200 col-
umn [14]. The F(ab’), fragment of the IgG fraction
was prepared by peptide digestion [15]. The anti-
body (30-40 mg) was dissolved in 1 ml of 0.1 M
acetate buffer, pH 4.1 containing 0.3-0.4 mg
pepsin (Calbiochem). The reaction mixture was
incubated for 16—17 h at 37°C and then chromato-
graphed on a Sephadex G-200 column (55 X 2.6
cm) with 0.02M NH,HCO,. The fractions con-
taining F(ab’), were pooled and lyophilized. To
label the protein with tritium, the lyophilized
material (20-30 mg) was dissolved in 1 ml of 0.5 M
NaHCO, and cooled in an ice bath. Five portions
of the acetylating reagent [*HJacetic anhydride,
each containing 1 mCi in 20 ul of solvent (50%
benzene, 50% dioxane), were added over a period
of one hour. Excess labeling reagent was removed
by gel filtration and dialysis.

Synthesis of the alkylating agemt N-(N“*.
iodoacetyl, N° -dansyl- lysyl)phosphatidylethanol -
amine (iodo-ADLPE). The preparation of this
compound has been described in a previous report
[11]. Briefly, N®-t-Boc, N*‘-dansyllysine was re-
acted with dipalmitoylphosphatidylethanolamine
in the presence of dicyclohexylcarbodiimide
(DCCI). The a-amino group of the lysine moiety
of the resulting product was then deblocked with
trifluoroacetic acid yielding N-(N°®-dansyl-lys-
yl)phosphatidylethanolamine (DLPE). The prod-
uct was crystallised from ethyl acetate and further
purified by passage through a silicic acid column
using CHCl, /CH,OH/H,0 (80:19:1, v/v)
(solvent A). The iodoacetyl derivative of DLPE
was prepared by reacting the latter with iodoacetic
acid in the presence of DCCI. Excess iodoacetic
acid was removed by repeated recrystallization
from ethyl acetate. The product contained some
unreacted DLPE as observed from TLC developed
in solvent A but was used without further purifica-
tion [11].

Reduction of [°H)F(ab’'), and alkylation with
iodo-ADLPE. Conjugation of the hydrophobic
anchor ADLPE to the Fab’ fragment has been
done by a modification of our previous procedure
[11]. [*HJF(ab’), was reduced with 10 mM
mercaptoethanol in 0.1 M Tris-HCl, pH 8.4 at
room temperature for 2h under N,. This treat-
ment provides a high yield of the Fab’ fragment in
which the L-H disulfide bond is intact and a
reactive SH group is located at the C-terminal end
of the heavy chain fragment. After adjustment of
the pH to 3.5 with glacial acetic acid the reaction
mixture was chromatographed on a Sephadex G-25
column, equilibrated with 0.01 M acetic acid con-
taining 2 mM EDTA, to remove excess reducing
agent. After removal of mercaptoethanol the re-
duced protein was alkylated with iodo-ADLPE in
the presence of 0.2% Nonidet P-40 at pH 8.0
under N, at room temperature for 24h. In this
reaction a ratio of 4 mol of iodo-ADLPE /mol of
Fab’ was used and the Nonidet P-40 served to
keep iodo-ADLPE in solution. Formation of Fab'-
ADLPE was confirmed by sodium dodecyl sulfate
(SDS)-polyacrylamide gel electrophoresis using a
4.4% gel in 0.1 M phosphate buffer (pH 7.2), 0.1%
in SDS. The gel showed a major fluorescent band
at the position of heavy chain (H) derived from



normal rabbit IgG as expected for Fab’-ADLPE.
A minor fluorescent band was also seen near the
light chain (mol. wt. approx. 25000) region indi-
cating reduction of some of the H-L disulfide
bonds and their subsequent alkylation with iodo-
ADLPE. Free iodo-ADLPE showed up as a fluo-
rescent band that moved ahead of the bromophenol
blue tracking dye. The gels, after staining with
Coomassie brilliant blue, were scanned with an
ISCO model UA-5 Absorbance Monitor equipped
with a model 1310 gel scanner.

Purification of [’H)Fab’-ADLPE. The reaction
mixture (10-12 ml), after reduction and
alkylation, was passed through a DEAE-Sephadex
column (20 ml) equilibrated with 0.01 M Tris-
acetate at pH 8.0. The column retained unreacted
[*H]F(ab"),, the protein fragments conjugated with
ADLPE as well as free iodo-ADLPE but not Non-
idet P-40. This separation was indicated by the
absence of any dansyl fluorescence or radioactivity
in the eluates although the effluent showed ab-
sorbance at 280 nm. The column was extensively
washed with the same buffer and then eluted with
0.72M NacCl in 0.01 M Tris-acetate, pH 8.0. The
eluates showed the presence of radioactivity and
absorbance at 280 nm but no dansyl fluorescence,
indicating the elution of [*H]F(ab"),. Elution was
continued with 0.72 M NaClin 0.01 M Tris-acetate,
pH 8.0 containing 0.25% sodium cholate. The
material eluted with this solvent showed 280 nm
absorbance, radioactivity and dansyi fluorescence.
The ratio of Fab’: dansyl was 1.0, calculated from
the absorbance at 280 nm for the protein and at
340 nm for the dansyl group with correction for
the dansyl absorption at 280 nm. A value of 4600
M~ '.cm™! was used for the dansyl extinction
coefficient at 340 nm [16]. The eluates were pooled,
concentrated and extensively dialysed vs. 0.1 M
Tris-HCI, pH 8.0 with three changes of 2.5 liters of
buffer each time over a period of 5 days to remove
most of the cholate from the protein. A control
experiment done with unlabeled Fab’-ADLPE and
[>H]cholate indicated that the residual cholate did
not exceed 0.002%. Two preparations of [ZH]Fab’-
ADLPE were made, one starting with rabbit anti-
lactose 1gG (anti-lactose [*H]Fab’-ADLPE) and
another starting with normal rabbit IgG (normal
[*H]Fab’-ADLPE).

Preparation of lipid vesicles. A thin film of lipid
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(either dioleoylphosphatidylcholine (DOPC) or di-
myristoylphosphatidylcholine (DPMC) was made
by evaporating its chloroform solution in a glass
test tube. The lipid was suspended in 0.1 M Tris-
HC], pH 8.0 at a concentration of 1 mg lipid /ml.
The suspension was mixed by vortexing for several
minutes and then sonicated for 3-5 min with the
microtip of a Branson sonicator (LS75) at room
temperature in the case of DML and at 4-5°C in
the case of DOPC. The sonicated material was
centrifuged at 14000 rev./min (23500 X g) and
the clear supernatant was used in the experiment.
In cases where a mixture of phosphatidylcholine
and cholesterol was used the chloroform solutions
of the two were mixed together before evaporating
off the solvent.

Incorporation of normal [°H)Fab’-ADLPE and
anti-lactose [’H]Fab’-ADLPE into liposomal mem-
brane. Vesicles at a lipid concentration of 1 mg/ml
were incubated with the conjugated protein (5 uM)
for 24 h at room temperature with gentle agitation.
The mixture (0.5 ml) was then subjected to gel
filtration on Bio Gel A-5m (0.8 X 54 cm)
equilibrated with 0.1 M Tris-acetate, pH 8.0. Frac-
tions of 0.4 ml were collected and the elution
pattern of the protein was obtained by counting
an aliquot of each fraction in a liquid scintillation
counter. Relative concentrations of the lipid in the
eluates were measured by adding 0.25 ml of a
suspension of diphenylhexatriene (100 pM) to 0.2
ml of each fraction. The mixture was incubated for
2h at room temperature and the fluorescence
emission of diphenylhexatriene measured at 420
nm (excitation at 357 nm) using a Perkin-Elmer
512 Spectrofluorimeter. The fluorescence emission
of diphenylhexatriene is totally quenched in the
aqueous medium but reappears as it enters the
lipid vesicle membrane [17]. In the range of con-
centrations used in our experiment the fluores-
cence intensity of diphenylhexatriene was found to
be linearly related to the concentration of the
lipid.

Agglutination of modified liposomes. DOPC
vesicles, after being incubated with either normal
Fab’-ADLPE or anti-lactose Fab’-ADLPE and
purified by gel filtration as described above, were
treated with either normal rabbit serum (diluted
1:100) or rabbit anti-dansyl anti-serum (diluted
1:100) {14], or with a diheteroglycan containing
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multiple lactosyl groups, isolated from the cell wall
of Streptococcus faecalis (strain N) [18], at a con-
centration of 1ug/ml.

Retention of vesicles with attached anti-lactose
Fab’-ADLPE on a lactose affinity column. Lipid
vesicles made from dioleoylphosphatidylcholine
and cholesterol (90: 10, w/w) were incubated with
either normal [*H]Fab’-ADLPE or anti-lactose
[’H]Fab’-ADLPE for 24h at room temperature.
These preparations were then centrifuged at 80000
X g in the Beckman Airfuge for 40 min and the
supernatants removed. The pellets were resus-
pended and centrifuged again two times to assure
adequate removal of the free protein conjugate.
The washed pellet was resuspended in phosphate
buffered saline (0.15 M NaCl, 0.02 M phosphate),
pH 7.4 and passed through a lactose affinity col-
umn. The protein in the fractions was measured by
counting the radioactivity and the lipid by measur-
ing the fluorescence of diphenylhexatriene in the
membrane as described before. In order to elute
all of the protein it was necessary to treat the top
of the column with either 0.1% SDS or 0.25%
cholate containing 0.3 M lactose for 30 min and
then continue elution with this solution.

Affinity measurement by fluorescence quenching.
Vesicles prepared with DOPC and cholesterol
(90:10, w/w)) and attached with either normal
[’H]Fab’-ADLPE or anti-lactose [*H]Fab’-
ADLPE were prepared free of any protein in
solution by the procedure described above. The
former was used as a control for dilution and
non-specific quenching in the fluorescence quench-
ing titration. The protein fluorescence at 25°C was
measured as a function of the amount of a Dnp-
conjugated lactosyl ligand (EK), N-(N<-Dnp-L-
lysyl)-p-aminophenyl-B-lactoside [19], in the titra-
tion solution. The Perkin-Elmer 512 Spectrofluo-
rimeter was used in the ratio mode with diffuse
plates in the reference cell holder, The fluores-
cence was measured at 345 nm with excitation at
280 nm. Since there was an appreciable contribu-
tion to the signal at 345 nm due to scattering by
the vesicles, a further correction was made by
measuring the apparent 345 nm emission of a
vesicle preparation at the same lipid concentration
and subjected to the same procedures of centrifu-
gation and washing as done with the samples. The
fluorescence titration was also carried out with

anti-lactose Fab’ (prepared by alkylating with
iodoacetamide instead of iodo-ADLPE) using nor-
mal IgG to correct for dilution and attenuation.
To 0.4 ml of a solution containing about 1pM
Fab’ in 0.15M NaCl, 0.02 M phosphate, pH 7.4
were added increments of 100 uM solution of the
EK compound to a total addition of 5 to 20 pl.
The maximum quenching (Q,,..) was obtained by
extrapolation of the measured quenching. Binding
constants were calculated from the fluorescence
data [20] in conjunction with the Sips analysis [21]
using a program developed by Dr. Robert Luedtke
and computations performed on a Commodore
PET 2001 microcomputer.

Results

Preparation of [°’H|Fab’-ADLPE,

The reduction of [*H]Fab} and the alkylation of
the free sulfhydryl group of the product provide a
high yield of the desired product. This result is
evident in Fig. 1 (Panel A) where the peak under
the H chain marker represents the [*H[Fab’ frag-
ment. There are also present in the reaction mix-
ture unreacted F(ab’), and fluorescent fragments
of a molecular weight similar to that of L chain.
The latter undoubtedly arise from reductive clea-
vage of the L-H disulfide bond.

The purification of the desired product was
achieved by the differential elution from a DEAE-
Sephadex column. The hydrophobic group (AD-
LPE) attached to the Fab’ fragment increased its
retention relative to that of F(ab"), and led to the
use of cholate for the elution of the Fab’ fragment
(Fig. 2). The effectiveness of the procedure is seen
in the scan of the SDS polyacrylamide gel electro-
phoresis pattern of the purified [*H]Fab’ (Panel B
of Fig.1). The only detectable contaminant, pre-
sent as a minor component, is the unreacted
F(ab"),.

Association of Fab'-ADLPE with vesicles.

The attachment of the modified fragment to the
vesicles is demonstrated by gel filtration with Bio
Gel A-5m (Fig. 3). This procedure provides a com-
plete separation of the bound protein from the free
protein. It is estimated that about one-third of the
added protein was attached to the vesicles. This
attachment is virtually irreversible in aqueous
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Fig. 1. SDS polyacrylamide gel electrophoresis scans of (A) the reaction mixture after reduction of F(ab’), and its subsequent
alkylation with iodo-ADLPE; and (B) purified Fab’-ADLPE preparation. The positions of F(ab’), heavy (H) and light (L) chains are

shown by arrows.

Fig. 2. Purification of [*H]Fab’-ADLPE on a DEAE-Sephadex column. The reaction mixture, after reduction of F(ab’), followed by
alkylation with iodo-ADLPE, was passed through a DEAE-Sephadex column (20 ml) equilibrated with 0.01 M Tris-acetate at pH 8.0.
The column was washed extensively with the same buffer to remove Nonidet P-40 (NP-40). Elution of unreacted [*H]F(ab’), was
effected with 0.72 M NaCl solution and that of [*H]Fab’-ADLPE with 0.72 M NaCl in 0.25% sodium cholate solution. Unreacted free
iodo-ADLPE and its degradation products remained tightly bound on top of the column.

solvent as is evident from Panel C of Fig.3 and
confirmed by a second gel filtration (not shown).
Incubation of vesicles with the Fab’ fragment al-
kylated with iodoacetamide led to no significant
attachment of the protein. This observation is
similar to the results with the A chain previously
reported [11]. The integrity of the vesicles after
incubation with the modified fragment was estab-
lished by the incorporation of 0.1M carboxy-
fluorescein [22] during the preparation of the
vesicles. Analysis by gel filtration of such vesicles
both before and after incubation with the protein
conjugate showed equivalent retention of the in-
corporated marker, namely, 85-90%.

Specific agglutination

The agglutination experiments with anti-dansyl
anti-serum and with the diheteroglycan containing
multiple lactosyl groups yielded the anticipated
results. Thus, the vesicles with either normal or
anti-lactose Fab’-ADLPE attached to them were
agglutinated with anti-dansyl antibodies whereas
normal rabbit serum was ineffective. On the other
hand with the diheteroglycan only the vesicle pre-
paration with attached anti-lactose Fab’-ADLPE
was agglutinated. This agglutination was inhibited
with 0.3 M lactose. In addition vesicles without
either protein conjugate were not agglutinated with
any reagent.
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Specific binding to a lactose affinity column

The specific binding of vesicles with attached
anti-lactose [*H]Fab’-ADLPE has been demon-
strated with a Lac-Sepharose affinity column
(Fig. 4). The absence of non-specific binding was
established with normal [*H]Fab’-ADLPE
(Panel A, Fig. 4) which emerged in the void volume
in association with the vesicles. With the anti-
lactose fragment (Panel B, Fig. 4) only 8% of the
lipid and 4% of the protein emerged in the void
volume. Elution with 0.3M lactose yielded an
additional 10% of protein and 10% of lipid. The
bulk of the material required the use of a deter-
gent. The elution of a portion of the vesicles with
0.3 M lactose probably reflects the heterogeneous
nature of the antibody population with respect to
its intrinsic affinity for lactose. The need for deter-
gent to elute the bulk of the vesicles undoubtedly
arises from their multivalent attachment to the
affinity column.

Intrinsic affinity of attached anti-lactose Fab'-
ADLPE

The fluorescence titrations of the free and at-
tached anti-lactose fragments are shown in Fig. 5.
The calculated values of the average intrinsic as-

40’1 .

% Quench

anti-lactose Fab'

601 .
onti-loctose [3H] Fob' - ADLPE
(liposome bound}

40 80 120 160

[Ligcnd] x 108 Molar
Fig. 5. Quenching of fluorescence of free anti-lactose [ >H]Fab’
(O) and of vesicle-bound anti-lactose [*H)Fab’-ADLPE (@) by
titration with EK-compound. The excitation wavelength was
280 nm and emission was measured at 345 nm. The fluorescent
emission in the case of vesicle-bound anti-lactose-[>H]Fab'-
ADLPE was corrected for the contribution due to scattering
from the vesicles by measuring the apparent 345 nm emission
of a vesicle preparation at the same lipid concentration as used
for the sample.
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sociation constant (K) and of Q. are 2.8 10°
M™! and 90% for the free anti-lactose Fab’ and
8.9-10° M ' and 90% for the attached anti-lactose
Fab’-ADLPE, respectively.

Discussion

The main thrust of this study is the demonstra-
tion of a procedure which allows the oriented
attachment of an antibody fragment to liposomal
membrane with retention of its specific reactivity
and without impairment of its intrinsic affinity.
Since the composition of this system is known and
the mol fraction of the antibody in the membrane,
as well as its bulk concentration, can be calculated,
the system allows quantitative kinetic and equi-
librium measurements of the interaction of the
antibody with ligands in the bulk phase. The flu-
orescence titrations described in this report pro-
vide an example of the utility of model membrane
vesicles with attached antibody to explore its
specific reactivity. With judicious selection of com-
ponents and conditions such a system can provide
useful models for the interactions of B-cell and
T-cell receptors. The utilization of monoclonal an-
tibody or its fragments for attachment to the
membrane will greatly simplify the physical-
chemical interpretation of the proposed measure-
ments. Finally, it is of interest to note that the
procedure described here for the attachment of
immunoglobulin to liposomal membranes also has
potential applicability to the membranes of living
cells.

The extent of attacment of the Fab’ fragment to
the liposomal membrane corresponds to approx.
2 mmol of Fab’ per mol of total lipid. This value is
comparable to the highest values reported for other
systems, namely, the covalent attachment of
horseradish peroxidase [3] and the covalent attach-
ment of immunoglobulins by the reaction of the
aldehyde group of a membrane component with
amino groups of the protein [7]. Our procedure
differs significantly from these by virtue of the
defined point of attachment of the hydrophobic
anchor to the antibody fragment.

The fluorescence quenching results allow us to
conclude that there has been no loss of intrinsic
affinity of the antibody binding sites by virtue of
the chemical manipulations involved in the attach-
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ment procedure. This conclusion is drawn from
the fact that the value of the association constant
K) for the attached Fab’ (8.9-10°% M) is not
less than that for the free Fab’ (2.8-10° M™Y).
The significance of the finding of an increased
binding constant is not clear but it may arise from
the restricted rotational freedom of the attached
Fab’ moiety.

The retention of the activity of all of the com-
bining sites after attachment is indicated by the
equal values for Q... Although the determination
of Q... provided only approximate values because
of the heterogeneity of the antibody population, a
substantial loss of sites would have yielded a lower
value for the attached Fab’ than that for the free
Fab’ because of the consistent manner by which
0 nax Was calculated. It should also be emphasized
that the values of K are relatively insensitive to the
assigned values of Q...

Finally, it is evident that the desired capability
of multivalent interaction has been acquired by
the liposomes with the attached anti-lactose Fab’
fragments. This conclusion is drawn from the ina-
bility to elute these liposomes from the Lac-
Sepharose affinity column with 0.3 M lactose, a
concentration which is sufficient to elute anti-
lactose IgG antibody from such a column [14].
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