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The effect of neuraminidase treatment on the lipid fluidity of the porcine intestinal brush-border membranes 
was studied using two fluorescence dyes, pyrene and 1,6-diphenyl-l,3,5-hexatriene. By treatment of the 
membranes with neuraminidase, the fluorescence parameters of pyrene-labeled membranes changed; i.e., a 
shift of thermal transition temperature, an increase in the fluorescence quenching rate for 1"1 + and a 
decrease in the fluorescence lifetime. These results suggest that the environmental properties around the dye 
molecules in the membranes change sensitively upon neuraminidase treatment. Perturbation of the lipid 
domain in the membranes associated with neuraminidase treatment is also demonstrated by a stimulated 
solubilization of diphenylhexatriene molecules in the membrane lipids, an increased quenching efficiency 
with TI + and a decreased rotational correlation time of diphenylhexatriene-labeled membranes. Based on 
these results, we conclude that the lipid organization of the membranes is susceptible to neuraminidase 
treatment and that the membrane lipid fluidity increases by desialylation by the enzyme treatment. 

Introduction 

Sialic acids are distributed on the external 
surface of plasma membranes of animal cells as 
constituents of carbohydrate moieties associated 
with glycoproteins and glycolipids. It has been 
argued that sialic acids in biological membranes 
play an important role in various physiological 
functions of cells, such as cell adhesion, recogni- 
tion and growth regulation and as receptors for 
many hormonal peptides [1-3]. 

Several investigators have demonstrated by 
chemical modification techniques that the carboxy 
groups of sialic acid are vital for various biological 
and physiological reactivities of the acid [4-7]. 
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It has been recognized that the lipid-lipid 
a n d / o r  l ipid-protein interactions in biological 
membranes play a major role in their functions 
[8,9]. Therefore, it will be very important to study 
the role of sialic acids in these dynamic features of 
membrane components in order to understand the 
physiological function of the acids in biological 
membranes.  However, there have been few lines of 
research reported concerning the contribution of 
sialic acids to the physical properties of biological 
membrane systems. Recently, Uchida et al. [10] 
have reported that the number and linkage por- 
tion of the sialic acid residues in a DPPC-ganglio- 
side mixed dispersion influences the molecular 
packing of hydrocarbon cores in the dispersion, 
suggesting a contribution of sialic acid in control- 
ling the physical properties of lipid organization. 

In the present study, therefore, we have ex- 
amined, using two fluorescence dyes, pyrene and 
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diphenylhexatriene, the effect of neuraminidase 
treatment on the lipid fluidity of the porcine in- 
testinal brush-border membranes and have hy- 
pothesized that sialic acids in the membranes are 
related to regulation of lipid-lipid interactions 
therein. 

Materials and Methods 

Materials" 
Pyrene and 1,6-diphenyl-l,3,5-hexatriene (di- 

phenylhexatriene) were purchased from Wako Pure 
Chemical and dissolved in ethanol and tetrahydro- 
furan, respectively, to make their stock solutions 
(1 mM of each). Neuraminidase (Clostridium per- 
fringens, Type IV) was obtained from Sigma and 
dissolved in 0.1 M Tris-acetate buffer (pH 5.5) 
containing bovine serum albumin (0.3 mg/ml).  

Preparation of membrane vesicles 
Brush-border membrane vesicles were prepared 

from the porcine small intestine by the calcium- 
precipitation method described in our previous 
paper [11] and the final pellets were suspended in 
10 mM Tris-maleate buffer (pH 6.85). Protein 
concentration was assayed by the procedure of 
Lowry et al. [12] using bovine serum albumin as 
standard. 

Treatment of the membrane vesicles with neur- 
aminidase 

The membrane vesicles (1 mg prote in /ml)  were 
incubated with neuraminidase (10 #g /ml )  in 30 
mM phosphate buffer (pH 6.5) for 30 min at 
37 °C unless otherwise specified. The reaction was 
terminated by dilution with a large volume of 
ice-cold 10 mM Tris-maleate buffer (pH 6.85) and 
centrifugation at 25 000 × g for 20 min. The pel- 
lets were washed twice with and resuspended in 
the same buffer. The control membranes were 
treated in a similar manner but without neur- 
aminidase. The content of sialic acids in the mem- 
brane vesicles was assayed according to the thio- 
barbituric acid method of Warren [13]. 

Labeling of the membrane vesicles with fluorescence 
dyes 

After the treatment of the membrane vesicles 
with neuraminidase, the vesicles (3 mg prote in /ml)  

were incubated with 1 /~M pyrene of diphenyl- 
hexatriene in 10 mM Tris-maleate buffer (pH 6.85) 
for 30 rain at 0 °C. The final concentration of 
ethanol or tetrahydrofuran in the reaction mixture 
was 0.33%. The reaction was terminated by dilu- 
tion with a large volume of ice-cold 10 mM Tris- 
maleate buffer (pH 6.85) and centrifugation at 
25 000 × g for 20 rain. The pellets obtained were 
washed three times with, and resuspended in, the 
same buffer. 

Fluorescence measurements 
Fluorescence measurements were carried out 

using a Hitachi MPF-4 spectrofluorometer  
equipped with a rhodamine B quantum counter. 
The sample compartment was maintained at 25 °C 
by circulating water through the cell holder unless 
otherwise specified. The excitation and emission 
wavelengths used for pyrene and diphenyl- 
hexatriene fluorescence measurements were 340 
and 375 nm, and 330 and 420 nm, respectively. 
Measurements of the fluorescence anisotropy and 
fluorescence lifetime were performed using an 
Ortec PRA-3000 nanosecond fluorometer (Photo- 
chemical Research Associates Inc., Ontario, 
Canada) and the rotational correlation time of 
diphenylhexatriene molecules in the membranes 
was calculated directly by analysing data obtained 
from measurement of the time-resolved anisotropy 
of the fluorescence emission [14] with a Digital 
MINC-11 computer system (Digital Equipment 
Co., Maynard, U.S.A.). 

Quenching studies 
Quenching studies were carried out at 25 °C by 

adding small amounts of 5 M acrylamide or 0.1 M 
thallium(I) acetate (CH3COOT1) in 10 mM Tris- 
maleate buffer (pH 6.85). The stock solutions of 
these quenchers were used within a few days after 
preparation. Quenching parameters were calcu- 
lated according to the Stern Volmer equation [15]: 

(Io/1)- 1= KQIQ] 

where I 0, I, KQ and [Q] denote the fluorescence 
intensities in the absence and presence of quencher, 
the quenching constant and the quencher con- 
centration, respectively. 

If the quenching reaction did not follow a 



simple Stern-Volmer law, the quenching parame- 
ters were d e t e r m i n e d  by the mod i f i ed  
Stern-Volmer equation [16] as follows: 

I0 1 1 + 
1 o - 1 faKo[Q]  fa 

where fa represents the fractional maximum 
accessible probe fluorescence, which is associated 
with the accessibility of the probe to the quencher. 
The quenching rate c o n s t a n t ,  kq, was estimated 
by k q - - K Q / ' r 0 ,  where T O is the fluorescence life- 
time in the absence of quencher. 

Results 

Sialic acid content of the membranes 
The content of sialic acids in the porcine 

in tes t ina l  b r u s h - b o r d e r  m e m b r a n e s  was 
determined in the presence and absence of 1% 
Triton X-100. 

As shown in Table I, the total amount of sialic 
acids in the membranes was estimated at 21.5 _+ 1.3 
n m o l / m g  protein in the presence of 1% Triton 
X-100, a little more than that reported for rat 
intestinal brush-border membranes (15.0 n m o l /  
mg protein) [17]. 

On the other hand, total sialic acids were 20.9 
_+ 0.9 n m o l / m g  protein in the absence of the 
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TABLE I 

A M O U N T  OF SIALIC ACID LIBERATED BY N E U R -  
AMINIDASE T R E A T M E N T  

The incubation of the membrane vesicles (1 mg pro te in /ml)  
with neuraminidase was carried out in 30 m M  phosphate 
buffer (pH 6.5) for 30 min at 37 o C. Each value was expressed 
as mean ± S.D. for triplicate determinations. 

Neuraminidase concn. Amount  of sialic acid liberated 
( /~g/mg protein) ( n m o l / m g  protein) 

100 a 21.5±1.3 a 
1 ~  20.9±0.7 
20 14.7±0.3 
10 6.8±1.5 

2 5.6±0.4 
1 4 .6±0.7 

a In the presence of 1% Triton X-100. 

detergent, indicating that about 97% of the mem- 
brane vesicles are of right-side-out orientation. 
The amounts of sialic acids liberated from the 
membranes by incubating for 30 rain with differ- 
ent concentrations of neuraminidase are also pre- 
sented in Table I. 

Changes in fluorescence parameters of pyrene- 
labeled membranes 

The effect of temperature variation on the fluo- 
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Fig. 1. Temperature-dependence of fluorescence intensity of pyrene-labeled membranes  in 10 m M  Tris-maleate buffer (pH 6.85). 
Membrane protein concentration was 110 tLg/ml. Temperature was varied from 7 to 40 ° C. The fluorescence intensities were 
represented as relative to that at 7 ° C  in each system. (A) Control membranes;  (B) neuraminidase-treated membranes.  Neuramini-  
dase-treated membranes  were prepared by incubating the membrane  vesicles (1 mg pro te in /ml)  with the enzyme (10 # g / m l )  in 30 
mM phosphate buffer (pH 6.5) for 30 min at 37 o C. The bending points in these plots were determined from the intersection of the 

two curves calculated by a least-squares procedure. 
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TABLE 11 

FLUORESCENCE LIFETIME OF PYRENE-LABELED 
MEMBRANES 

Fluorescence lifetime measurements were carried out in 10 mM 
Tris-maleate buffer (pH 6.85) at 25 °C.  Membrane protein 
concentrations were 120 and 119/~g/ml for control and neur- 
aminidase-treated membranes, respectively. Neuraminidase 
treatment conditions were the same as described in the legend 
to Fig. 1. The data were shown as mean-+S.D, for triplicate 
determinations. 

Membrane systems Lifetime (ns) 

'q ~2 

Control membranes 6.93_+0.10 180.0___0.25 
Neuraminidase-treated 

membranes 7.06 + 0.09 165.2 _+ 0,15 

rescence intensity of pyrene-labeled membranes 
was examined. 

As shown in Fig. 1A, the fluorescence intensity 
of the control membranes progressively decreased 
by increasing temperature with a transition tem- 

perature of about 29 °C. On the other hand, the 
temperature-dependence profile of the neur- 
aminidase-treated membranes revealed a transi- 
tion point at 23°C (Fig. 1B). This result suggests 
that the environmental properties around pyrene 
molecules embedded in the membrane lipids are 
modified by neuraminidase treatment. This inter- 
pretation was further supported by a decrease in 
the fluorescence lifetime of pyrene-labeled mem- 
branes by treatment with neuraminidase. 

As reported previously [18,19], the fluorescence 
decay curve of pyrene in the membranes does not 
follow an single exponential function. We as- 
sumed, therefore, that there are two components 
in the decaying process of the fluorescence to 
analyze its lifetime. By a computer fitting, the 
lifetimes of pyrene-labeled control membranes 
were determined to be 6.93 ns (71 ), accounting for 
12% of the total fluorescence, and 180 ns (r2), 
accounting for 88%, respectively. Treatment of the 
membranes with neuraminidase resulted in a slight 
but definite decrease in the *2 value (Table II). 
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Fig. 2. The modified Stern-Volmer plots of pyrene-labeled membranes at 25 o C. Membrane protein concentration was 80 /*g/ml. 
The concentrations of aerylamide and CH3COOT1 were varied from 26.6 to 125 mM and from 0.66 to 6.25 mM, respectively. (A) 
Acrylamide; (B) CH3COOTI. Symbols: O, Control membranes; o, Neuraminidase-treated membranes. Neuraminidase treatment 

conditions were the same as described in the legend to Fig. 1. 
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Quenching studies of pyrene fluorescence in the 
membranes 

The effects of acrylamide and CH3COOTl on 
the fluorescence intensities of pyrene-labeled con- 
trol and neuraminidase-treated membranes were 
examined to obtain further information about 
changes in the lipid organization by neuramini- 
dase treatment. Since quenching of the fluores- 
cence intensity of the pyrene-labeled membranes 
with acrylamide or T1 + does not follow a simple 
Stern-Volmer law [19,20], the determination of 
fluorescence quenching parameters was performed 
using a modified Stern-Volmer equation proposed 
by Lehrer [16]. 

As shown in Fig. 2, the plots of lo / (1  o - I )  vs. 
1/[Q] were linear over the concentration ranges of 
these quenchers tested, suggesting that each of the 
pyrene molecules in the membranes is subjected to 
a similar degree of fluorescence quenching. The 
quenching rate constants, kq, for acrylamide and 
T1 + of the control membranes were estimated to 
be 34- 107 and 495 • 107 M - t  • s - I ,  respectively 
(Table III). In addition, the f~ values for acryla- 
mide and T1 + determined from the intercepts on 
the ordinates in these plots were 0.27 and 0.48 in 
the control membranes,  respectively. These results 
indicate that about 27 and 48% of pyrene mole- 
cules in the membranes are accessible for acryla- 
mide and T1 +, respectively. 

The kq value for T1 ÷ was markedly increased 
by the treatment with neuraminidase, but the 
quenching efficiency for acrylamide did not 
change. On the other hand, the f~ values for these 
quenchers were almost the same in both mem- 
brane systems, indicating that the amount of 
pyrene molecules in the membranes which are 
accessible to acrylamide and T1 ÷ did not change 
by neuraminidase treatment. 
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Fig. 3. Time-course of incorporation of diphenylhexatriene in 
the membranes  at 25 °C .  30 mM Tris-maleate buffer (pH 
6.85). Membrane protein concentrations were 47 and 2 5 / t g / m l  
for control (O)  and neuraminidase-treated (e) membranes,  
respectively. At time zero, 1.66 p.M diphenylhexatriene (as a 
final concentration) was added to the membrane suspension. 
The fluorescence intensities were represented as the value per 
mg protein. Neuraminidase treatment conditions were the same 
as described in the legend to Fig. 1. The inset shows the 
concentration dependence of the membrane protein on the 
fluorescence development of diphenylhexatriene. Membrane 
protein concentration was varied from 25.4 to 152.4 ~ g / m l .  
The fluorescence intensities were measured after 5 min of 
addition of the dye to the membrane suspension. Other experi- 

mental  conditions were the same as those described above. 

Incorporation of diphenylhexatriene in the mem- 
branes 

The time-course of development of diphenyl- 
hexatriene fluorescence after the addition of the 

TABLE III 

Q U E N C H I N G  PARAMETERS OF PYRENE-LABELED MEMBRANES WITH A C R Y L A M I D E  A N D  CH3COOTI 

The data were obtained from Fig. 2 and expressed as mean_+ S.D. for triplicate determinations. 

Quencher  Control membranes  Neuraminidase-treated membranes  

KQ (M -1)  kq (10 v M - l ' s  1) fa KQ (M 1) kq (107 M - I " s  -1)  f~ 

Acrylamide 40.1_+1.5 34.0_+1.3 0.270_+0.002 34.0_+ 1.4 27.6_+ 1.1 0.283_+0.003 
CH3COOT1 583.6_+3.5 495.4_+3.0 0.485_+0.029 727.7_+49.7 591.6_+40.4 0.415_+0.002 
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Fig. 4. Relationship between the rotational correlation time of 
diphenylhexatriene in the membranes and the amount of sialic 
acid liberated. The fluorescence anisotropy was measured un- 
der the following conditions: 10 mM Tris-maleate buffer (pH 
6.85); membrane protein concentration, 150 #g /ml ;  25°C.  
Values are expressed as m e a n + S . D ,  for triplicate determina- 

tions. 

dye to the membrane suspensions at 25°C  was 
explored. Since diphenylhexatriene lacks any polar 
groups in the molecule, similarly to pyrene, an 
increased fluorescence intensity indicates an in- 
crease in solubilization of the dye molecules in the 
lipid domain of the membranes [21-23]. 

As can be seen in Fig. 3, the fluorescence 
development, which is represented per mg mem- 
brane protein, was dependent on the incubation 
time and reached an almost constant level within 
5 min after the addition of the dye. The develop- 
ment of diphenylhexatriene fluorescence was 
marked enhanced by neuraminidase treatment of 
the membranes. In addition, the degree of fluores- 
cence development of the dye after addition to the 
membranes was in proportion to the membrane 
protein concentration in the range from 25.4 to 
152.4/zg/ml  (inset, Fig. 3). Therefore, an increased 
fluorescence intensity of diphenylhexatriene in the 
neuraminidase-treated membranes suggests that 
solubilization of the dye molecules in the mem- 
brane lipids was enhanced. 
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Fig. 5. Stern-Volmer plots of diphenylhexatriene-labeled membranes in 30 mM Tris-HC1 buffer (pH 7.4) at 25°C.  Membrane 
protein concentrations were 28.6 and 30.0 /xg/ml for control ( O )  and neuraminidase-treated (O) membranes, respectively. The 
concentration of acrylamide and CH3COOTI were varied from 33.1 to 312.5 mM and from 0.66 to 6.25 mM. respectively. (A) 

Acrylamide; (B) CH3COOT1. Neuraminidase treatment conditions were the same as described in the legend to Fig. 1. 



Rotational correlation time of diphenylhexatriene in 
the membranes 

Fig. 4 shows the relationship between the rota- 
tional correlation time (0) of diphenylhexatriene 
molecules embedded in the membrane lipids and 
the amount of sialic acid liberated by treatment 
with neuraminidase. In this experiment, the mem- 
brane vesicles with different levels of sialic acid 
content were prepared by incubating the mem- 
brane vesicles (1 mg p ro te in /ml )  with various 
concentrations of neuraminidase (1-20 /~g/ml) 
for 30 rain at 37 ° C. 

when about 25% of the total sialic acids had 
been digested by neuraminidase treatment, the 0 
value of diphenylhexatriene in the membranes 
markedly decreased and then maintained a con- 
stant level, despite further digestion by the en- 
zyme. 

Quenching studies of diphenylhexatriene-labeled 
membranes 

The plots of ( I o / I ) - 1  vs. [Q] of diphenyl- 
hexatriene-labeled membranes for acrylamide and 
TI + are shown in Fig. 5. In contrast to the case of 
pyrene-labeled membranes,  the quenching of di- 
phenylhexatriene fluorescence in the membranes 
by  these q u e n c h e r s  fo l lowed  a s imple  
Stern-Volmer  law. This difference may be due to 
highly ordered orientation of diphenylhexatriene 
molecules in the membrane lipids. The fluores- 
cence lifetimes of diphenylhexatriene-labeled con- 
trol and neuraminidase-treated membranes were 
12.0 and 11.1 ns, respectively. Therefore, the 
quenching rate constants of the control mem- 
branes for acrylamide and T1 + were estimated to 
be 0.0267.109 and 5.56"109 M -1" s -1, respec- 
tively. By treatment of the membranes with neur- 
aminidase, the quenching rate constant for T1 + 
was slightly but definitely increased (kq : 6.76. 
109 M - 1 .  s - l ) .  On the other hand, the quenching 
efficiency with acrylamide was hardly changed by 
the t reatment (kq = 0.0279- 109 M 1. s - l ) ,  simi- 
lar to the case of pyrene-labeled membranes. 

Discussion 

In the present study, it has been demonstrated 
that sialic acids in the porcine intestinal brush- 
border membranes are related to the dynamic 
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properties of the lipid layers of the membranes.  
A study of the temperature dependence of the 

fluorescence intensity of pyrene-labeled control 
membranes revealed a discontinuity at about 29 ° C 
(Fig. 1A). This result indicates that the ordering of 
lipid layers of the membranes transitionally alters 
at this temperature [11]. Upon treatment of the 
membranes with neuraminidase, the thermal tran- 
sition temperature shifted to 23°C (Fig. 1B), sug- 
gesting that the environmental properties around 
pyrene molecules located in the membranes be- 
come more sensitive to temperature variation. The 
perturbation of the lipid layers by neuraminidase 
treatment was also reflected in a decrease in the 
fluorescence lifetime (Table II) and an increase in 
quenching efficiency for T1 + (Table III)  of 
pyrene-labeled membranes. As is well known [14], 
the rate constant of quenching reaction between 
the quencher and a fluorophore bound to macro- 
molecules is dependent on a diffusion-controlled 
process. Therefore an increased quenching rate 
generally suggests an increase in the proximity of 
quencher molecules to the fluorophore. When the 
quencher carries an electric charge, however, the 
quenching rate is also influenced by other facts. 
such as electrostatic forces and configuration of 
the binding sites [16,24-26]. Ando and Asai have 
recently reported [26] that T1 + interacts with phos- 
p h a t e  g r o u p s  of  1 , N r - e t h a n o a d e n o s i n e  
oligophosphate. In the present study, the quench- 
ing rate for acrylamide of pyrene- or diphenyl- 
hexatriene-labeled membranes was not influenced 
by neuraminidase treatment, although the quench- 
ing rates for T1 + were increased in both the mem- 
brane systems (Table III  and Fig. 5). Therefore, it 
seems that an increased quenching rate for T1 + 
can be attributed mainly to the effect of the 
binding of T1 + ions to negatively charged groups 
of the membrane components rather than to an 
increase in the proximity of the quencher mole- 
cules to fluorophores in the membrane lipids. This 
indicates, therefore, that the environment of these 
fluorescence dyes embedded in the membrane 
lipids becomes more sensitive for to the binding of 
T1 + to membrane components. 

In addition, an increase in solubilization of 
diphenylhexatriene in the membranes (Fig. 3) and 
a decrease in the rotational correlation time of 
diphenylhexatriene molecules in the membranes 
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(Fig. 4) also support  the hypothesis that the lipid 

fluidity of the membranes  increases by desialyla- 

t ion with neuramin idase  treatment.  F rom these 

results, it could be considered that sialic acids 

part ial ly cont r ibute  to the main tenance  of the 
lipid organizat ion in the membranes.  

The rotat ional  correlation time of diphenyl-  

hexatriene molecules in the membrane  lipids 

sharply decreased when only 25% of the total 

sialic acids in the membranes  were cleaved by the 
enzyme. It is of interest that the lipid fluidity of 
the membranes  is sensitively modified by el imina- 

t ion of very small amounts  of sialic acids, because 
the lipid fluidity of biological membranes  is known 

to be an impor tan t  parameter  in control l ing their 

functional  processes, including ion permeabil i ty  
[27,28] and glucose t ransport  [29,30]. 

Sialic acid contr ibutes  as the charge-bearing 

group in biological membrane  systems. Recently, 

Walter  et al. [31] have reported that t reatment  of 
neuraminidase  of rat erythrocytes results in a de- 

crease in the surface charge. We have also found 

that the apparent  dissociation constant  of 1- 
an i l ino-8-naphtha lene  sulfonate (ANS) to the in- 

testinal brush-border  membranes  decreases from 
36.2_+ 1.44 to 27.0_+0.75 (S.D.) # M  by neu- 
raminidase t reatment  of the membranes.  This in- 
crease in b ind ing  affinity of ANS anions  to the 
membranes  may be due to a decrease in negatively 

charged groups on the membrane  components  by 
desialylation. In addit ion,  we have previously re- 

ported [20] that the lipid fluidity of the mem- 
branes increases with the shielding of negatively 

charged groups of the membranes  with increasing 
ionic strength of medium. From these findings, 
therefore, it could be considered that changes in 

the membrane  surface charge associated with de- 
sialylation by the enzyme t reatment  is part ly re- 

lated to an increase in the membrane  lipid fluidity. 
Although it is not clear at present that changes in 
the fluorescence parameters  of dye-labeled mem- 
branes by t reatment  with neuraminidase  is due to 
e l iminat ion of sialic acids from the glycoproteins 
a n d / o r  glycolipids in the membranes ,  it seems 
likely that the sialic acids are one of the impor tan t  
elements regulating the l ip id - l ip id  interact ions in 
biological membranes.  
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