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The effect of cholesterol administration in vivo on the lipid composition, dynamic properties of the 
microsomal membrane of guinea pig livers and the kinetic properties of UDPglucuronyl transferase were 
studied. Cholesterol administration in the diet evoked an increase of microsomal cholesterol, but no 
significant changes in the fatty-acid composition of total lipids or of each phospholipid class. Instead, the 
phosphatidylethanolamine, phosphatidylcholine molar ratio of the membrane was markedly decreased from 
0.57 to 0.38. This decline was not enough to counterbalance the overall 'ordering' effect of cholesterol and 
consequently, the fluorescence anisotropy of the membranes labeled with 1,6-diphenyihexatriene was 
increased. The lateral diffusion evaluated by measuring the pyrene excimer formation was decreased by the 
cholesterol incorporation. These physical changes were associated with changes in the kinetic properties of 
UDPglucuronyl transferase: Vma x increased, while the K m of the different steps of the reaction decreased in 
the modified microsomes. Furthermore, a shift of the non-michaelian kinetics to michaelian, equivalent to a 
decrease of a negative homotropic effect and apparent cooperativity of UDPglucuronic acid was observed 
since the Hill coefficient changed, approaching 1. A non-michaelian kinetics of this enzyme is an indication 
of boundary lipids in the gel phase and a shift to michaelian, a change of the surrounding lipids to a 
liquid-crystalline structure. In consequence, our results suggest that cholesterol incorporation in the micro- 
somal membrane while producing a condensing effect of bulk lipids would produce an opposite effect on the 
UDPglucuronyl transferase boundary lipids. 

Introduction 

The catalytic activities of several enzymes of 
biological membranes have a demonstrated depen- 
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dence on interactions with the phospholipid en- 
vironment of the bilayer [1,2]. UDP-glucuronyl 
transferase belongs to this type of enzymes [3-5] 
and shows a complex lipid induced modulation of 
its kinetic properties. 

Two schools of thought have tried to explain 
the mechanism of this modulation. One school 
[6-8], the so called compartmentation theory, con- 
siders that the enzyme is deeply embedded in the 
membrane with the active center exposed to the 
luminal surface of the microsomes [8]. The mod- 
ulating effect will be produced in the hydrophobic 
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barrier of the bilayer altering the transport of the 
substrates to the enzyme [9] through this barrier. 

The alternative theory developed by Zakim and 
Vessey [10] considers that the active center of the 
enzyme is not deeply embedded and the transport 
of the substrate to the enzyme is not the regulatory 
step. According to them, glucuronyl transferase for 
any substrate exists in several different conforma- 
tional isomers, each possessing its own kinetic 
properties. The phospholipid perturbing agents 
would modify the lipid structure and correspond- 
ingly would evoke a redistribution of conforma- 
tional isomers of the enzyme. 

Besides, it has been shown that reactions requir- 
ing apparently lateral or rotational diffusion or a 
vertical transport across the membrane could be 
accelerated by an increase of membrane fluidity or 
decreased packing [11-15]. As regards the micro- 
somal membrane, it has been found [16] that flui- 
dizing agents as isoamyl and n-butyl alcohol de- 
crease both the fluorescence anisotropy of mem- 
brane labeled with 1,6-diphenylhexatriene and the 
excimer formation of microsomes labeled with 
pyrene. Correspondingly, they increase the activity 
of the NADH-Cyt  c reductase and glucose-6- 
phosphohydrolase. 

Moreover, it has been shown that essential 
fatty-acid deficiency produces a modification of 
the fatty-acid composition of the phospholipids of 
guinea-pig liver microsomes. It is represented by a 
progressive decrease of the unsaturated/saturated 
fatty-acid ratio evoking both an increase of the 
fluorescence anisotropy of membrane labeled with 
1,6-diphenylhexatriene and a progressive decline 
of the apparent negative cooperative effect of 
UDP-glucuronic acid on UDP-glucuronyl trans- 
ferase [17]. 

Since cholesterol incorporation alters the physi- 
cal properties of the lipid bilayers [18-20] decreas- 
ing the cross-sectional area per molecule [21] and 
flexibility of fatty-acid chains increasing the mem- 
brane rigidity above the gel-liquid crystalline 
phase transition, it was considered important to 
investigate the effect on the kinetic properties of 
UDP-glucuronyl transferase. The present results 
show that dietary cholesterol incorporated in liver 
microsomes, evoking a change in the phosphati- 
dylcholine (PC); phosphatidylethanolamine (PE) 
ratio, increasing fluorescence anisotropy of mere- 

branes labeled with diphenylhexatriene and de- 
creasing the efficiency of pyrene excimer forma- 
tion as well as a modification of kinetic properties 
of UDP-glucuronyl transferase with an increase of 
the Hill coefficient for UDP-glucuronic acid. 

Materials and Methods 

Dietary regimens 
Guinea pigs weighing 150-250 g were divided 

in two groups of five animals each. The control 
group was fed a synthetic diet according to Reid 
and Briggs [22] and the other group the same 
synthetic diet plus 3% cholesterol. Both groups 
were given food in restricted amounts so that the 
dietary intakes of test and control animals were of 
equal energy value. Water was given ad libitum. 

Isolation of microsomes 
Over a 25-day-period animals were killed by 

decapitation without anesthesia. Livers from each 
animal were rapidly excised and placed im- 
mediately in ice-cold 0.25 M sucrose (1:3,  v/v).  
The microsomal fraction was separated by dif- 
ferential ultracentrifugation as previously de- 
scribed [17]. The microsomal pellet was washed 
once and resuspended with the same homogeneiz- 
ing solution (1 : 2, v/v) .  Microsomes were stored at 
- 8 0 ° C  under N 2 atmosphere until needed. Pro- 
tein was determined by the method of Lowry et al. 
[23]. 

Steady-state fluorescence anisotropy measurements 
1/,1 of 2 mM 1,6-diphenylhexatriene in tetrahy- 

drofuran was added to 4 ml of microsomal suspen- 
sion (0.1 mg protein/ml)  in 0.25 M sucrose/1.5 
mM EDTA (pH 7.0) with rapid agitation. The 
final lipid concentration was 25/*M and final label 
concentration 0.25 /,M. Another aliquot of the 
same suspension mixed with an equivalent volume 
of tetrahydrofuran was used as a reference blank 
in order to correct fluorescence intensities from 
non-specific light-scattering excitation. Samples 
were gently swirled for at least 1 h to allow equi- 
libration of the probe with membrane lipids. The 
incorporation of 1,5-diphenylhexatriene can be 
easily followed by recording fluorescence enhance- 
ment with time, since this probe has nearly zero 
fluorescence signal in an aqueous environment. 



Our previous studies showed that the time re- 
quired for 1,6-diphenylhexatriene penetration un- 
der these experimental conditions was less than 50 
min. Final concentrations of lipids and label were 
chosen after the subsequent dilutions of samples 
demonstrated no further effect on measured ani- 
sotropy, due to depolarization of fluorescent light 
by scattering. Moreover, this label-to-lipid ratio 
was also suitable to avoid p robe -p robe  interaction 
and perturbation of the lipid domain. 

Measurements were made at 37°C in an 
Aminco -Bowman  spectrofluorometer equipped 
with two glan polarizers. 1,6-Diphenylhexatriene 
was excited at 350 nm and its fluorescence was 
detected at 430 nm using a 2.0 M N a N O  2 solution 
as a cut-off filter for wavelengths below 300 nm. 
Notwithstanding the use of this device, blank cor- 
rections were still needed. The rotational motion 
of the probe molecule is characterized by the 
steady-state fluorescence anisotropy defined by 

111 - G 1 L  

r~ III +2GI± 

where III and I j_ are the fluorescence intensities 
parallel and perpendicular, respectively, to the 
plane of polarization of the excitation beam and 
G, the grating correction factor, takes account of 
parallel diffraction anomalies introduced by the 
monochromator  [24]. 

Apparent microviscosity and order parameter SDp H 
The apparent microviscosity of the membrane 

as measured in the present work should be re- 
garded as an operational term which can be esti- 
mated by comparing the fluorescence anisotropy 
in the membrane system with that observed in a 
reference solvent of known viscosity. 

The apparent microviscosity was calculated 
using Perrin's equation [25] as proposed by 
Shinitzky and Barenholz [26] according to 

24 r~ 

r 0 -  ~ 

where r o is the limiting fluorescence anisotropy of 
the probe in a freeze solvent in absence of ro- 
tation. 

Recently, the application of Perrin's equations 
has been submitted to criticism [27-29] because of 
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anisotropy demonstrated by membranes.  In view 
of this fact, fluorescence anisotropy is resolved in 
a fast decaying component  (r  f) and an infinitely 
slow decaying component  (r~) by the procedure of 
Van Blitterwijk et al. [27-29] using the empirical 
curves of these authors. The order parameter  SDpH 
referring to the mean position of the diphenyl- 
hexatriene (DPH) along the lipid acyl chains [28] 
was calculated by the equation 

2 r~ 
S D p t t  = - -  r0 

where r 0 is the limiting anisotropy of the probe 
here considered equal to 0.4 [29]. 

Pyrene excimer formation 
The excimer formation is a diffusion-limited 

process and for this reason suitable to measure 
lateral mobility in membranes [21]. A microsomal 
suspension containing 0.5 mg of p ro te in /ml  was 
prepared with deaerated sucrose 0.25 M / E D T A  
1.5 mM (pH 7.0). Different volumes of a pyrene 
solution in acetone were mixed with the micro- 
somal suspension reaching final concentrations be- 
tween 2 and 7 /~M in pyrene. Samples without 
pyrene were prepared to discount the light scatter- 
ing and intrinsic fluorescence contribution to the 
fluorescence signal. All procedures and spectra 
recording were carried out under N z. 

The emission spectra were obtained at 25°C in 
an Aminco-Bowman spectrofluorometer with an 
Aminco X - Y  recorder. The excitation wavelength 
was 320 nm. The fluorescence intensity ratio of 
excimer to monomer  ( I E / I  M) was calculated from 
the ratio of fluorescence intensities at 472 nm and 
392 nm after blank correction. 

Enzyme assays 
p-Nitrophenol was used as aglycon in all stud- 

ies. Glucuronidation was measured according to 
Zakim and Vessey [31]. The incubation mixture 
contained 50 mM Tris-HC1 (pH 7.4), p-nitrophenol 
(0.2-0.5 mM), UDP-glucuronic acid (0.2-25 mM) 
and 1-1.5 mg of microsomal protein in a final 
volume of 0.5 ml. The reaction was started by 
addition of the enzyme and the disappearance of 
p-nitrophenol at 400 nm was followed [32] by 
removal of several serial aliquots from assay tubes 
during the course of each reaction. Absorbance 
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data were then fitted in a polynomial of the form 
a x  3 + bx 2 + cx + d, where c is the inital rate of 
reaction calculated at 'zero time'. 

Lipid analysis 
Aliquots of the suspended microsomes were 

extracted by the procedure of Folch et al. [33]. 
Fatty-acid composit ion was determined by 
gas-liquid chromatography as previously de- 
scribed [17]. Polar lipids were separated by TLC 
with a double development [34] using the solvents 
C 1 3 C H / C H 3 O H / N H 3 / H 2 0  (70 : 25 : 35 : 1.5) in 
the first run and C13CH/CH3OH/ace t i c  ac id /  
H 20  (80 : 10 : 2 : 0.75) in the second run. 

Neutral lipids were separated by TLC in rods 
coated with silica gel using successively two solvent 
mixtures. In the first place, hexane/e thyl  e the r /  
acetic acid (80 : 20 : 1) and the lipids from the top 
to the free-acid spot were burnt and quantitated 
by flame ionization [35]. The lipids remaining in 
the low part of the rod were now developed with 
hexane/e thyl  e ther /acet ic  acid (50 : 50: 1) and 
quantitated by flame ionization as in the first part. 

Cholesterol was determined by the procedure of 
Huang et al. [36]. Phosphorus of lipids was mea- 
sured by the method of Chen et al. [37]. 

Results 

Effect of cholesterol on the lipid composition of 
guinea-pig liver microsomes 

Dietary cholesterol is incorporated in guinea-pig 

liver microsomes. After 25 days of feeding on a 
diet containing 3% cholesterol guinea pigs showed 
an approximate duplication of the microsomal 
percentage (Table I). When cholesterol was incor- 
porated in liver microsomes, the molar ratio 
cholesterol/phospholipids increased from 0.31 to 
0.46 (Table I). This value approaches, but does not 
reach, the maximum value observed in most mem- 
branes, a 1 : 1 molar ratio suggested by line width 
of NMR measurements and X-ray difraction 
[38,39]. Cholesterol administration also evoked 
other changes in the lipid composition of the mi- 
crosomal membranes. Data of Table I indicate an 
important variation of the phosphatidylcholine/ 
phosphatidylethanolamine ratio evoked by the 
treatment. A slight relative decrease of PC and the 
more pronounced decrease of PE are responsible 
for the change of the P E / P C  molar ratio from 
0.57 to 0.38 (Table I). 

The effect of dietary cholesterol on the fatty-acid 
composition of liver microsomes of guinea pigs is 
shown in Table II. The comparison of these animals 
with the controls indicates no significant dif- 
ferences, although some slight variation in linoleic, 
palmitoleic and arachidonic acids can be seen. In 
spite of the constancy of the fatty-acid composi- 
tion of total microsomes, it was possible that in- 
dividual phospholipids might show special dif- 
ferences. For this reason, the separation of PC, PE 
and phosphatidylinositol was carried out as stated 
in Materials and Methods and their fatty-acid 
composition analyzed (Table III). Once again, no 

TABLE I 

LIPID COMPOSITION OF G U I N E A - P I G  LIVER MICROSOMES (% WEIGHT)  

Results are the mean of five animals analyzed separately_+ S.E. 
Double bond index = X(number  unsaturated mol x number  double bond) 

Saturated fatty acid X number  saturated tool 

Lipids Normal  Normal + cholesterol 

Cholesterol 13.4 5:0.4 28.7 _+2.3 
Cholesterol esters 2.8 5:0.1 4.6 5:0.8 
Triacylglycerol 3.6 5:0.2 3.9 5:0.9 
Phosphatidylcholine 47.8 5:1.8 41.5 5:1.9 
Phosphatidylethanolarnine 25.3 5:0.4 13.7 5:0.5 
Phospahtidylinositol 7.1 5:0.1 7.6 5:0.6 

Double bond index/sa tura ted  fatty acid 
Cholesterol /phosphatidylcholine (mol /mol )  
Phosphat idylethanolamine/phosphat idylchol ine (mol /mol )  

2.97 _+ 0.03 3.04 _+ 0.04 
0.31 5:0.10 0.465:0.08 
0.57 + 0.04 0.36 5:0.06 



TABLE II 

FATTY-ACID COMPOSITION OF LIVER MICROSOMES 

(% WEIGHT)  

Results are the mean of five animals analyzed separately 5: S.E. 

Fat ty  acid Normal  Normal  + cholesterol 

14:0  0.8+0.1 0.5+0.1 

16 : 0 15.6 + 0.4 14.3 + 0.3 

16:1 1.1 +0.2 1.0+0.5 

18 :0  26.2+0.1 26.0+0.6 
18:1 9.2+0.6 8.5+0.4 

18 : 2 32.5 5:0.7 34.7 + 0.7 

20:3  1.25:0.1 1.0-t-0.4 

20 : 4 10.5 5:0.2 12.0 5:0.2 

22 : 5 1.3 +0.3 1.05:0.3 

22 : 6 1.6 5:0.1 1.0 5:0.2 

significant differences were found, except for the 
small changes in the fatty acids mentioned above. 

Fluorescence anisotropy and pyrene excimer forma- 
tion 

Structure properties of both normal and 
cholesterol-enriched microsomes were studied by 
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physical methods. Table IV shows fluorescence 
anisotropy measurements converted either in mi- 
croviscosities (71) or in order parameter (S). They 
were remarkably increased when cholesterol was 
incorporated in accordance with the well-known 
ordering effect of the sterol molecule above the 
transition temperature of the lipid bilayer. To cor- 
roborate that this effect is closely related to a 
condensation of the bilayer structure, lateral diffu- 
sion of microsomes was estimated by measuring 
the pyrene excimer formation. Fig. 1 shows the 
effect of cholesterol on the plots of I e / I  m VS. 

pyrene concentration. The efficiency of pyrene 
excimer formation increased linearly with the 
pyrene concentration for both normal and treated 
microsomes, but cholesterol evoked a decrease of 
the I e / l  m ratio indicating a condensing effect on 
the membrane. 

Since the cholesterol-rich diet evoked a decrease 
of the P E / P C  ratio of the microsomal membrane 
in addition to the cholesterol incorporation, it was 
significant to investigate the contribution of this 
phospholipid change on the physicochemical 
properties of the membrane. For this reason, PC 
and PE of the guinea pig liver microsomes were 

TABLE III 

F A T t Y - A C I D  COMPOSITION OF PHOSPHOLIPIDS FROM N O R M A L  AND CHOLESTEROL-ENRICHED MICROSOMES 

NPC, phosphatidylcholine from normal microsomes; +CPC,  phosphatidylcholine from cholesterol-enriched microsomes; NPE, 

phosphatidylethanolamine from normal microsomes; +CPE,  phosphatidylethanolamine from cholesterol-enriched microsomes; NPI, 

phosphatidylinositol  from normal microsomes; + CPI, phosphatidylinositol from cholesterol-enriched microsomes. Results are the 

mean of five animals on average. 

Fat ty  acid NPC + CPC NPE + CPE NPI + CPI 

14:0  0.3 11 - 2.2 1.4 

16 :0  16.8 13.5 8.9 7.6 11.8 7.3 

16 : 1 0.8 0.9 1.3 0.5 3.9 1.8 

18 : 0 25.0 24.3 26.5 27.2 29.4 36.2 
18 : 1 10.9 8.9 9.3 8.6 16.1 10.9 

18 : 2 42.1 41.7 28.7 31.0 17.6 20.8 
18 : 3 - 1.0 2.0 0.8 4.4 3.6 

20 : 3t09 0.5 1.0 1.1 0.5 3.2 2.8 

20 : 4 ~06 2.8 4.4 11.9 15.5 8.1 11.0 

20 : 5~03 - 1.2 1.0 2.0 1.7 

22 : 3~o3~ 
22 : 4~o6) 0.5 1.0 2.3 1.6 1.5 1.1 

22 4~03~ 0.2 0.7, 2.0 0.8 1.8 - 
22: 5606) 

22 : 5603 0.1 0.5 1.4 1.2 - 0.1 
22 : 6~03 0.3 0.6 2.5 2.7 - 1.3 
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TABLE IV 

EFFECT OF CHOLESTEROL ON THE LIPID COMPOSITION, AND FLUORESCENCE ANISOTROPY OF LIVER MICRO- 

SOMES 

3% of cholesterol in the diet during 20 days. Fluorescence anisotropy (r,) was determined by fluorescence polarization as described in 
Materials and Methods. Apparent microviscosity ('q) as well as SDOH were calculated as previously described. Experiments were 
carried out at 37°C. Results are the mean of 5 animals analyzed separately + S.E. 

Microsomes Double bond index Saturated fatty acid 

Fluorescence Microsviscosity Order 
anisotropy parameter 

r~ "q SDp H 

Normal 2.97 + 0.03 0.112 _+ 0.004 1.14 0.392 
+ Cholesterol 3.04 _+ 0.04 0.131 _+ 0.003 1.36 0.452 

separated by thin-layer chromatography. They 
were then mixed in the same proportion found in 
the microsomes of normal or treated animals and 
sonicated with appropriate amounts of cholesterol 
to achieve the relative concentration of the same 
microsomes. 

Fluorescence anisotropy of vesicles labeled with 
1,6-diphenylhexatriene and pyrene excimer forma- 
tion were measured in all these ' reconsti tuted'  
systems. Table V indicates that the increase of PC 
in the binary mixture vesicles decreases the flu- 
orescence anisotropy, but does not greatly modify 
the pyrene excimer formation. 

Fluorescence polarization of bilayers labeled 
with 1,6-diphenylhexatriene is considered to mea- 

0.4 / -  
X 

~02 

i 

o 5 lO 15 
Pyrene concentration (nmoles/mg prot ) 

Fig. 1. Efficiency of pyrene excimer formation measured at 
different pyrene concentrations. The ratio l e / 1  m was evaluated 
as stated in Materials and Methods. Normal microsomes, O; 
cholesterol-enriched microsomes, x .  

sure changes in the rotational diffusion of lipid 
chains, whereas pyrene excimer formation detects 
changes in the lateral diffusion. Moreover, a lack 
of relationship between fluorescence polarization 
and lateral diffusion has been evidenced [40]. 
Therefore, the increase of PC in the vesicles would 
modify the rotational diffusion, but would leave 
unaltered the lateral diffusion in the conditions of 
our experiment. The incorporation of cholesterol 

TABLE V 

PREPARATION OF LIPOSOMES FROM NORMAL AND 
CHOLESTEROL-ENRICHED MICROSOMES 

Liposomes A and B are prepared with the amounts of PC and 
PE shown in Table I, excluding the other phospholipids and so 
keeping the original ratio. Liposomes C and D prepared with 
the amounts of PC, PE and cholesterol shown in Table I 
excluding the other phospholipids. N cholesterol a n d + C  
cholesterol correspond to the cholesterol content in normal and 
cholesterol-enriched rnicrosomes, respectively. The other sym- 
bols are those used in Table III. The meaning of r~ is explained 
in Table V and that of I E / 1  M in Materials and Methods. 

Vesicles Composition r, 1 E l i  M 
(% weight) 

A NPC : 65.4 0.102 0.42 
NPE : 34.6 

B + CPC : 75.2 0.089 0.41 
+ C P E  : 24.8 

C NPC : 53.5 0.108 0.38 
NPE : 28.3 
N cholesterol : 18 .2  

D + CPC : 46.9 0.120 0.31 
+ CPE : 15.5 
+ C cholesterol : 37.6 
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to the vesicles (Table V) produces an increase of 
fluorescence anisotropy and a decrease of pyrene 
excimer formation. In consequence, results show 
on one hand that both types of motion were 
retarded by cholesterol and on the other that the 
condensing effect of cholesterol even overcomes 
the fluidizing effect of PC increase (compare ves- 
icle C with D in Table V). 

Effect of cholesterol on the kinetic properties of 
UDP-glucuronyl transferase 

The mechanism of the reaction proposed by 
Vessey and Zakim [42] was a random-ordered 
sequence (Fig. 2). To study the effect of cholesterol 
on the kinetic parameters of the different steps of 
the reaction, initial rates of UDP-glucuronyl trans- 
ferase activity were measured as a function of 
variable concentrations of UDP-glucuronic acid at 
several fixed concentration of p-nitrophenol and 
as a function of varying concentrations of p- 
nitrophenol at several fixed concentrations of 
UDP-glucuronic acid [43]. These data, when 
plotted on double reciprocal form (Figs. 3 and 4) 
indicate that the interception on the 1 /S  axis for 
either substrate, corresponding to the Kin ,  depends 
on the concentration of the second substrate. Sec- 
ondary plots of the interception on the 1 / V  vs. 1 /  
(concentration of the fixed substrate) yield the 
value 1/Vma x and a second K m, for each substrate. 
KmUDPGA and Kmp_NP  will be the constants of the 
binary enzyme substrate complex, and K '  U D P G A  

t and Kp.NP a r e  the dissociation constants for the 
ternary enzyme-substrate complex (Fig. 5). 

Table VI summarizes the kinetic properties 
estimated for microsomes of normal and treated 
animals. It indicates that UDP-glucuronic acid 
shows lower affinity than p-nitrophenol for the 
enzyme and the incorporation of the first substrate 
for both alternative reactions increases the affinity 
for the second. The cholesterol diet evoked an 

E - pNP 
Kp-N~ ~UDPGA 

E E- pNF,- UDPGA ~ E- pNPGA- UDP ~ E * p -  NPGA* UDP 

E-UDPGA 

Fig. 2. Postulated reaction mechanism for UDP-glucurony| 
transferase. Symbols correspond to explanations given in the 
text. 

i 1/v 

[UDP-gIucuronlc ac~]" (mY) 

Fig. 3. Double reciprocal plots of initial rates of UDP- 
glucuronyl transferase as a function of varying concentrations 
of 9-nitrophenol at different fixed concentrations of UDP- 
glucuronic acid. Each point is based on initial rate determina- 
tion of UDP-glucuronyl transferase activity as described in 
Materials and Methods and expressed as nmoles of p- 
nitrophenol per min per mg microsomal membrane.  The differ- 
ent concentrations of UDP-glucuronic acid were: 2.5 mM (t2); 
3.5 mM (zx); 5.0 mM (O) and 8.0 mM (O).  Vertical bars 
correspond to_+ S.E. of the mean values of five animals. 

increase of the affinity for all the reaction steps 
and it also increased the specific activity of the 
UDP-glucuronyl transferase. 

Besides, the UDP-glucuronyl transferase of nor- 
mal microsomes showed the typical non Michae- 
l is-Menten kinetics already recognized by Vessey 
and Zakim [44] that may be described as an ap- 
parent negative cooperativity of the enzyme for 

! 1/v 

~ -1/K P-NP 
I p- N~rophen~]" (raM) 

Fig. 4. Double reciprocal plots of initial rate of UDP-glucuronyl 
transferase activity as a function of UDP-glucuronic acid con- 
centration at fixed levels of p-nitrophenol: 0.04 mM (e); 0.06 
m M  ( x ) ;  0.1 mM (zx); 0.2 mM (O).  Vertical bars correspond 
to +_ S.E. of the mean values of five animals. 
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TABLE V1 

KINETIC CONSTANTS FOR THE F O R W A R D  REACTION OF U D P - G L U C U R O N Y L  TRANSFERASE 

Kinetic constants were determined from bisubstrate. Kinetic analyses of initial rate data for UDP-glucuronyl  transferase as explained 
in Materials and Methods. Results are the mean of five animals analyzed separately ± S.E. 

KUDPG A K~DPG A gp.Np Kp-NP Vma× Hill 
(mM) (raM) (raM) (raM) coefficient 

Normal  12.3 ± 0.4 10.6 ___ 0.2 0.12 ± 0.03 0.10 ± 0.01 10.5 + 1.1 0.40 + 0.02 
+ Cholesterol 8.1 ± 0.3 7.2 + 0.1 0.07 + 0.01 0.06 ± 0.01 15.9 ± 1.3 0.68 + 0.03 

o [UDP-@t~ror~ ocid] ImM} ~ m 

• [p-NitrophenoI] (mill "1 s 

02. 03 OA 

IO 15 29 25 

Fig. 5. The interceptions of the 1/v axis in Figs. 3 and 4 are 
replotted against 1 / [UDP-glucuronic  acid] (O) and 1Ap- 
nitrophenol] (e) in order to obtain 1/Vm. X, K~DpGA and K '  
p-NP. Vertical bars correspond t o+  S.E. of the mean values of 
five animals. 

UDP-glucuronic acid. The degree of deviation may 
be expressed by the Hill coefficient [17] and Table 
VI shows that the cholesterol diet evoked an in- 
crease of this coefficient, that indicates a shift of 
the non-michael±an kinetics to michael±an. 

Discussion 

Effect of cholesterol on the structural and dynamic 
properties of microsomal membrane 

Since cholesterol is an important component of 
many biomembranes, the understanding of its in- 
teraction with other membrane components is es- 
sential for a complete description of the hydro- 
phobic environment in which various membrane 
processes occur [45,46]. At present, it is still dis- 
cussed whether cholesterol forms specific com- 
plexes with a number of lipid molecules [47] or is 

randomly distributed throughout the lipid bilayer 
[48]. There is a number of well-defined physical 
changes which occur upon incorporation of choles- 
terol into model membrane systems and there are 
some structural requirements for the incorporation 
of the sterol moiety in phospholipid bilayers: a 
planar ring system, a side chain at Ct7 and a 3/3 
- O H  [49]. Cholesterol lipid bilayer interaction is 
highly hydrophobic in nature, but the effects in 
the polar region may be ascribed to the 3/3 - O H  
group. Above the T m, cholesterol decreases the 
mean cross-sectional area per molecule within the 
bilayer. This effect can be understood in terms of 
a decrease in the flexibility of the acyl chains of 
the lipid due to the influence of cholesterol on the 
antiperiplanar-synclinal rotamery of the methylene 
group [49] and decrese of long-range swinging 
motion of these chains [50]. This so-called con- 
densing effect is restricted to a defined part of the 
hydrophobic region primarily the first ten carbon 
atoms of the acyl chain [39]. Below the transition 
temperature, measurements of the acyl chain order 
parameter show that the presence of cholesterol 
inhibits the cooperative crystallization of the hy- 
drocarbon chains. By disordering the chain pack- 
ing at low temperature and reducing the chain 
flexibility at high temperatures, cholesterol gives 
origin to the so-called 'intermediate' fluid condi- 
tion [51]. 

A model accounting for the structural require- 
ments necessary to explain the above-stated results 
considers that the ring system is contiguous to the 
proximal segment of the phospholipid acyl chains, 
while the side chain extends deeply into the bilayer 
interior. Differential Van der Waal's interactions, 
resulting in a fluidity gradient along the sterol- 
phospholipid contact regions are in consequence, 
to be expected [52]. 



Our results obtained by the incorporation of 
cholesterol in guinea-pig liver microsomes agree 
with the demonstrated effects of cholesterol: on 
one side, cholesterol produces an increase in the 
measured anisotropy and the order parameter (Ta- 
ble IV) above the T m of microsomes and, on the 
other decreases the efficiency of pyrene excimer 
formation which is dependent on the rate of trans- 
lational diffusion of pyrene in the plane of the 
membrane that determines the frequency of colli- 
sions (Fig. 1). 

However, Table I shows that dietary cholesterol 
evokes not only an increase of microsomal 
cholesterol, but also a decrease of the P E / P C  ratio 
of the membrane. This decrease is consistent with 
the finding of Lim et al. [54] that an increse of PC 
synthesis is induced in the livers of young rats by 
feeding a diet enriched with cholesterol and 
cholate. The increase of PC biosynthesis was corre- 
lated with an increase of the activity of CTP: 
phosphocholine cytidylyl-transferase and its trans- 
location to the microsomes. The afore-mentioned 
translocation has been considered to regulate the 
activity of this enzyme [55] that determined the 
rate of PC biosynthesis [56]. To what extent 
cholesterol incorporation in the microsomes alters 
the affinity of the enzyme for the membranes by a 
mechanism similar to the one proposed for fatty 
acid effect [57] or takes part in another proposed 
mechanism, is subject of speculation and research. 

Anyhow, the practical effect of the changes of 
the P E / P C  ratio on the microsomal membrane 
properties is important, since the variation of this 
ratio modifies the physicochemical properties of 
the membrane. It is known [53] that saturated or 
trans-unsaturated phosphatidylethanolamines un- 
dergo a lipid phase transition some 20-30°C higher 
than the corresponding phosphatidylcholine. 

Phosphatidylethanolamines compared to PC 
have a small polar head group which is thought to 
be oriented tangential to the plane of the bilayer. 
This small head group allows a very close packing 
of the phosphatidylethanolamine molecules, and 
there is also less water penetration into the polar 
head region [53]. 

Therefore, the decrease of P E / P C  ratio would 
decrese the gel-liquid crystalline phase transition 
temperature of the membrane without modifying 
the enthalpy of the transition, but favouring the 
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bilayer structure and decreasing the packing [59]. 
Results in Table V show in this respect that the 
decrease of P E / P C  ratio in PC-PE vesicles de- 
crease the fluorescence anisotropy of the labeled 
bilayer indicating an increased rotational diffusion 
and decreased packing. In consequence, the high 
cholesterol diet promoting such increase (Table I) 
evokes by this mechanism an unpacking of the 
bilayer which is not enough to compensate totally 
the condensing effect of the cholesterol binding 
(Tables IV and V). Therefore, the overall effect of 
cholesterol was an increased 'ordering' of the whole 
microsomal membrane, but less than that expected 
without PE-PC ratio decrease. 

Effect of cholesterol on the kinetic properties of 
UDP-glucuronyl transferase 

The high cholesterol diet evoked a change in the 
lipid composition, structrure and physicochemical 
properties of liver microsomes and at the same 
time modified the kinetic parameters of the mem- 
brane bound UDP-glucuronyl transferase (Table 
VI). All the K m values of the forward steps of the 
reaction (Fig. 2) were decreased, the Vma x was 
incresed and the Hill coefficient that was less than 
unity was enhanced, approaching this value. 
Cholesterol evoked these effect, but, up to this 
moment, we cannot ascribe the variations of the 
kinetic constants to the cholesterol molecule only. 
These effects may be well attributed to a direct 
effect of cholesterol or to the corresponding mod- 
ification of the P E / P C  ratio or to both causes. 

However, the present results indicating a shift 
of the non-michaelian kinetics of the enzyme to 
michaelian in correspondence to an increase of the 
bilayer packing by effect of cholesterol, are con- 
sistent with a similar effect found in microsomes 
in which the increase of the order parameter arose 
from an essential fatty acid deficiency [17]. 

Moreover, Hochman et al. [60] found that the 
delipidated form of pig liver UDP-glucuronyl 
transferase produces a non-Michaelis-Menten 
kinetics of the type shown in the present work 
when the enzyme was reconstituted into unilamel- 
lar vesicles of phosphatidylcholine in gel phase. 
The basis of this kinetic pattern inferred by bind- 
ing studies is the presence of one high-affinity and 
one low-affinity binding site for UDP-glucuronic 
acid. The two classes of binding sites seemed to be 
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generated by two subunits that bind the substrate 
within a single molecule of the enzyme. Besides, 
they found that the melting of the phospholipids 
from the gel phase to the liquid crystalline phase 
was associated with a switch from non- 
Michaelis-Menten to Michaelis-Menten kinetics 
and the disappearance of the functionability of 
one of the binding sites. 

However, the bulk lipids of microsomal mem- 
branes are at the physiological temperature of the 
animal, in the liquid crystalline state [61,62] and 
the UDP-glucuronyl transferase bound on the in- 
tact membrane shows non-Michaelis-Menten 
kinetics [14,44]. Hence, these data would be in an 
apparent discrepancy with the data of recon- 
stituted artificial enzyme bilayer systems [60]. To 
explain this apparent discrepancy, Hochman et al. 
[60] suggested that the lipid milieu surrounding the 
UDP-glucuronyl transferase in the membrane 
would be in a gel state at about 37°C and so in 
different packing conditions than bulk lipids. In a 
later paper, Hochman and Zakim [63] presented 
evidence that this is the case for the UDP- 
glucuronyl transferase of pig liver microsomes. 

Our present experiments with cholesterol- 
treated guinea pigs (Table IV) and previous works 
with essential fatty-acid-deficient animals [17[ show 
that the non-Michaelis-Menten kinetics of UDP- 
glucoronyl transferase is gradually lost in corre- 
spondence with an increase of order parameter of 
the whole microsomal membrane. Therefore, if 
these results are analyzed in the light of Hochman 
et al. postulate [60] would mean that while the 
bulk lipids of the guinea pig microsomes are in a 
liquid-crystalline phase (Castuma, C.E. and 
Brenner, R.R. unpublished data), the lipid milieu 
surrounding the enzyme would be in the gel phase 
and the essential fatty-acid deficiency [17] or 
cholesterol incorporation (Table IV) (Fig. 1), while 
increasing the packing of the bulk lipids of the 
microsomal membrane would produce an opposite 
effect in the lipid milieu of the UDP-glucuronyl 
transferase. That the physical state of the lipid 
milieu surrounding a membrane bound protein 
may be different to that of the bulk lipids is quite 
demonstrated in the light of present theories of 
lipid-lipid and protein-lipid interactions in the 
bilayers [64-69]. Moreover, the fhiidizing effect 
produced on protein bound lipids by antifluidizing 

agents of the bulk lipids of the membrane as 
cholesterol, is also understandable in the light of 
present results, suggesting that molecular interac- 
tion of cholesterol and phospholipids in mem- 
branes induces 'patching' [70] and lateral phase 
separation [71]. A favourable condition, suitable 
for explaining this effect would be the existence of 
a specific lipid requirement of the protein and this 
is the case of the UDP-glururonyl transferase which 
has a special requirement for choline containing 
phospholipids [3,72]. It would fit with the effect of 
dietary cholesterol that not only increased the 
cholesterol content of the membrane, but also 
enhanced the PC/PE  ratio (Table I). Phosphati- 
dylcholine was shown to have lower transition 
temperature than PE and as it was discussed be- 
fore, elicits an antagonic effect to cholesterol on 
the fluidity. Another way to increase the fluidity of 
localized domains of the membrane could also be 
produced if cholesterol interacts preferentially with 
saturated phosphatidylcholines excluding the un- 
saturated molecules. In this respect, experiments 
of Guyer and Bloch [73] show that cholesterol 
rigidifies phosphatidylcholine vesicles of different 
fatty-acid composition in the following order: bi- 
saturated > monounsaturated > biunsaturated. 

The less interaction of cholesterol with biun- 
saturated lecithins would give ground to our hy- 
pothesis suggesting a possible segregation of the 
more unsaturated and fluid lecithins excluded from 
cholesterol-saturated phosphatidylcholine do- 
mains. These excluded phosphatidylcholines would 
fluidize the boundary lipids of UDP-glucuronyl 
transferase evoking a decrease of Hill coefficient. 
Besides, independently from changes of phos- 
pholipid composition and distribution, cholesterol 
evokes a condensing effect in a liquid crystalline 
bilayer, but elicits a fluidizing effect on a bilayer 
in the gel phase that would be the physical state of 
the lipid milieu of the enzyme. In addition, it has 
been also suggested based on a number of studies 
[39,74,75] that the ordering effect of cholesterol in 
a liquid crystalline bilayer varies from the surface 
to the center of the bilayer and even may increase 
the mobility of the tail segments of fatty acids 
[39,74]. 

In consequence, we propose that the shift of the 
non-michaelian kinetics of UDP-glucuronyl trans- 
ferase to michaelian by effect of dietary cholesterol 



w o u l d  be  p r o d u c e d  by  p a c k i n g  changes  in the  l ip id  

o f  the  b i l aye r  in c o n t a c t  w i t h  the  e n z y m e  and  

d i f f e r en t  f r o m  the  changes  p r o d u c e d  in the  bu lk  

l ipids .  F u r t h e r  e x p e r i m e n t s  to c o n f i r m  this pos -  

tu la te  are  u n d e r  d e v e l o p m e n t .  
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