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The lipid composition of bovine thyroid plasma membranes was modified using the nonspecific lipid transfer 
protein from bovine liver. Incubation of plasma membranes with transfer protein and phosphatidylinositol- 
containing liposomes caused a strong, concentration dependent, inhibition of TSH-stimulated adenylate 
cyclase activity. Other phospholipids such as phosphatidylcholine, phosphatidylethanolamine, phosphati- 
dylserine and phosphatidic acid were two to four times less effective as inhibitors of TSH-stimulation. The 
pbosphatidylinositol-induced inhibition was not reversed when more than 80% of phosphatidylinositol 
incorporated was removed using phosphatidylinositol-specific phospholipase C. Incorporation of phosphati- 
dylinositol in plasma membranes provoked no significant change in the fluorescence anisotropies of the 
fluorophores 1,6-diphenyl-l,3,5-hexatriene (I~PH) and l-(14-trimethylammoniumphenyl)-6-phenyl-l,3,5- 
hexatriene (TMA-DPH), indicating that the inhibition was not due to changes in membrane fluidity. At 
phosphatidylinositol concentrations causing a 66% reduction in TSH-stimulated adenylate cyclase activity 
cholera toxin- and forskolin-stimulated activity as well as basal activity were decreased by maximally 10%. 
Since TSH binding to bovine thyroid plasma membranes was not affected it is suggested that phosphati- 
dylinositol can act as a negative modulator of the TSH activation of adenylate cyclase and this probably by 
interfering with the coupling between the occupied TSH receptor and the stimulatory GTP-binding 
regulatory protein of the adenylate cyclase complex. 

Abbreviations: G~,,, a-subunit of stimulatory GTP binding 
regulatory protein; TSH, thyroid-stimulating hormone or 
thyrotropin; PI, phosphatidylinositol; PC, phosphatidylcho- 
line; PE, phosphatidylethanolamine; PS, phosphatidylserine: 
lysoPC, lysophosphatidylcholine; lysoPE, lysophosphatidyl- 
ethanolamine; SUV, sonicated small unilamellar lipid vesicles; 
buffer A, 0.25 M sucrose in 20 mM Tris-HCl buffer (pH 7.4); 
DPH, 1,6-diphenyl-l,3,5-hexatriene; TMA-DPH, l-(4-trimeth- 
ylammoniumphenyl)-6-phenyl-l,3,5-hexatriene. 

Correspondence: M.J.S. de Wolf, RUCA-Lab. Human Bio- 
chemistry, University of Antwerp, Groenenborgerlaan 171, 
B2020 Antwerp, Belgium. 

Introduction 

'The membrane-bound enzyme adenylate cyclase 
forms a transmembrane complex composed of at 
least three distinct classes of protein components: 
hormone receptors, the guanine-nucleotide-bind- 
ing regulatory protein(s) (G-proteins) and the 
catalyst [1,2] and is regulated by interaction of 
these components in a relatively unperturbed 
membrane (for reviews, see Refs. 1-4). Optimal 
hormonal control appears to be influenced by the 
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physicochemical state and composition of the lipid 
environment of the components of the adenylate 
cyclase system [5-8]. 

More specifically, a requirement for specific 
membrane lipids has been suggested in TSH-re- 
sponsive adenylate cyclase system [9-12]. As part 
of a systematic study of lipid-protein interactions 
involved in TSH-action we previously studied the 
relationship between bovine thyroid plasma mem- 
brane composition and its 'structural' and 'fluid- 
ity' characteristics [13]. In the present study, we 
describe the effect of incorporation of various 
phospholipids in thyroid plasma membranes on 
TSH-stimulated adenylate cyclase activity. Phos- 
pholipids were incorporated using bovine liver 
nonspecific transfer protein (ns-TP) and small uni- 
lamellar vesicles (SUV). Transfer protein has been 
shown to promote the net transfer of lipid mole- 
cules between lipid vesicles and biological mem- 
branes [8,14,15] under relatively nonperturbing 
conditions, thus reducing the ambuigity in the 
interpretation of the data. 

Materials and Methods 

Materials. L-3-Phosphatidyl[2- 3 H]inositol (15.6 
C i / m m o l ) ;  L-1,2-di[1-14C]palmitoyl-3-phos - 
phatidylcholine (117 mCi/mmol);  L-1,2-di[1- 
14C]palmitoyl-3-phosphatidic acid (117 mCi /  
mmol); L- 1,2-dioleoyl-3-phosphatidyl-L-[3-14 C]se- 
rine (31 mCi/mmol); L-1,2-dioleoyl-3-phosphati- 
dyl[2-14C]ethanolamine (50 mCi/mmol); glycerol 
[9,10-3H]trioleate (397 mCi/mmol) and glycerol 
[1-14C]trioleate (60 mCi/mmol) were obtained 
from Amersham. Phospholipids were purchased 
from Sigma. Thyrotropin came from Armour 
Laboratories. Phosphatidylinositol-specific phos- 
pholipase C was purified from Staphylococcus 
aureus as described by Low and Finean [16] and 
was a generous gift of Dr. Martin Low (Oklahoma 
Medical Research Foundation). Aldrich was the 
source of 1,6-diphenyl-l,3,5-hexatriene (DPH) and 
1-(4-trimethylammoniumphenyl)-6-phenyl-l,3,5- 
hexatriene (TMA-DPH) was obtained from 
Molecular Probes Inc. [a-32p]ATP was provided 
by NEN Research Products. Highly purified TSH 
(15-20 IU/mg) came from UCB, Bioproducts and 
was radioiodinated by means of the iodinated 
beads system from NEN, which uses the 

lactoperoxidase method. Following iodination, 
125I-TSH was separated from unreacted iodide by 
chromatography on Sephadex G-100. 

Preparation of plasma membranes. Plasma mem- 
branes with a protein to phospholipid ratio (w/w) 
of 3.91_+0.15 were prepared from fresh bovine 
thyroid glands as described previously [17]. They 
were stored in liquid N 2 at - 1 8 0 ° C  immediately 
after preparation. 

Chemical analysis. Protein concentration was 
estimated by the procedure of Lowry et al. [18] 
using bovine serum albumin as the standard. 
Phospholipid phosphorus was assayed according 
to Rouser et al. [19]. Cholesterol was determined 
by the method of Hanel and Dam [20]. The phos- 
pholipid composition of plasma membranes was 
assayed by performing two dimensional thin-layer 
chromatography on precoated silicagel 60 plates 
(Merck, 10 × 10 cm) on a Bligh and Dyer [21] 
lipid extract of plasma membranes using the fol- 
lowing solvent systems: (a) chloroform/  
methanol/methylamine 40% (13:6:1.5, v/v) and 
(B) chloroform/acetone/methanol/acetic acid/ 
water (100:40:20:30:10, v/v) [22]. 

Lipid vesicles. Small unilamellar vesicles (SUV) 
were prepared according to the method of John- 
son and Zilversmit [23] except that the lipid sus- 
pension was sonicated with a Braun-Sonic 300 
horhogepisator (Quigley-Rochester, Inc.) using a 
4.0 mm diameter titanium probe. SUV were pre- 
pared in buffer A (0.25 M sucrose in 20 mM 
Tris-HC1 buffer (pH 7.4)). Before incubation with 
bovine thyroid plasma membranes and non- 
specific transfer protein, SUV were centrifuged at 
10000×g  for 30 rain to remove multilamellar 
liposomes. 

Lipid transfer assay'. The nonspecific lipid trans- 
fer protein from bovine liver was prepared by the 
method of Crain and Zilversmit [24]. Lipid trans- 
fer activity was determined by measuring the 
transfer of labelled lipid from SUV to bovine 
thyroid plasma membranes in buffer A. Exchange 
activity was expressed in units representing the 
transfer of 1% phosphatidylcholine of total SUV 
PC from [14C]PC/cholesterol SUV (0.15 /lmol 
phospholipid, cholesterol to phospholipid molar 
ratio of 0.4) to bovine thyroid plasma membranes 
(0.6 /~mol phospholipid) in a total volume of 0.5 
ml in 1 h at 37°C. In a typical assay bovine 
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thyroid plasma membranes (0.6 btmol phospholi- 
pid) were incubated with labelled phospholipid- 
containing SUV (0.15 ~tmol phospholipid, 
cholesterol to phospholipid molar ratio of 0.4) and 
13-14 units of transfer protein for 1 h at 37°C in 
a total volume of 0.5 ml. SUV contained also 
[14C]triolein or [3H]triolein as a nonexchangeable 
marker. Incubations were always performed in 
buffer A. Exchange was terminated by centrifuga- 
tion at 10000 × g for 30 rain. Bovine thyroid 
plasma membranes were washed three times with 
buffer A. The percentage lipid transfer was calcu- 
lated from the radioactivity counted in the pellet 
(bovine thyroid plasma membranes) as well as in 
the supernatant. A correction for cosedimentation 
of vesicles was done by quantitation of the nonex- 
changeable marker [14C]triolein or [3H]triolein. It 
was assumed that there was no return of label 
from the membranes to SUV. 

Modification of bovine thyroid plasma mem- 
branes by phospholipid incorporation. Phospholi- 
pids were incorporated in bovine thyroid plasma 
membranes (0.6 /~mol phospholipid) using the 
same conditions as described for the lipid transfer 
assay. Control incubations contained bovine 
thyroid plasma membranes with or without trans- 
fer protein only. After incubation the mixture was 
centrifuged at 10000 × g for 30 min. Bovine 
thyroid plasma membranes were washed three 
times with the appropriate buffer. The washed 
plasma membranes were then suspended in an 
appropriate volume of buffer and aliquots were 
taken for adenylate cyclase assay, binding assay, 
anisotropy measurements and Bligh and Dyer lipid 
extraction. 

Adenylate cyclase assay. Adenylate cyclase ac- 
tivity was measured by adapting the methodology 
of Salomon [25]. Incubations were performed for 
30 rain at 30°C in a final volume of 60 #1 
containing: approx. 100/~g protein; approx. 3 - 106 
cpm of [c~-32p]ATP (30-35 Ci/mmol); 5 mM 
creatine phosphate; 50 IU/ml creatine phos- 
phokinase; 25 mM Tris-acetate buffer (pH 7.4); 5 
mM magnesium acetate; 0.5 mM ATP; 0.05 mM 
cAMP; 1 mM dithiothreitol; 0.1 mg/ml bovine 
serum albumin; 0.01 mM GTP; 10 mM theo- 
phyline. The reaction is terminated by the addition 
of 110 ~1 stopping solution (45 mM ATP and 1.3 
mM cAMP in 2% (w/v) sodium laurylsulfate (pH 

7.5)), 50 ~tl [8-3H] 3',5'-cAMP (2" 105 cpm/ml) 
and heating for 3 min in a boiling water bath. 

TSH binding assay. TSH binding was assayed 
in 40 mM Tris-acetate buffer (pH 6.0); 0.25% 
bovine serum albumin; approx. 100000 cpm 1251- 
TSH (about 1 ng of protein) and 20/~g of mem- 
brane protein in a final volume of 100/~1. Specific 
binding of 20/~g of membranes gave a value that 
is on the linear part of the binding curve when 
cpm bound is plotted against amount of mem- 
brane protein. Incubations were performed for 1 h 
at 4 ° C. The incubation was terminated by addition 
of 1 ml 40 mM Tris-acetate (pH 6.0) containing 
2.5% bovine serum albumin. Bound radioligand 
was separated from free 125I-TSH by filtration 
through 0.45 #m cellulose acetate filters placed in 
a 12-place vacuum filtration manifold VFM3 
(Amicon). The filters were presoaked in 2.5% 
bovine serum albumin and the wash buffer was 40 
mM Tris-acetate (pH 6.0) containing 2.5% bovine 
serum albumin. Nonspecific binding as measured 
by the addition of a 10000-fold excess of 
unlabelled TSH (4.10 -6 M) amounted to 7% of 
the specific binding. 

Fluorescence measurements. Diphenylhexatriene 
was made up in tetrahydrofuran at a concentra- 
tion of 4- 10 -4 M. For labelling, this solution was 
diluted 1000-fold by adding to vigourously stirred 
buffer A. A stock solution of 4.10 -7 M TMA- 
DPH was prepared by diluting 1 000-fold a 4.10 -4 
M TMA-DPH solution in in chloroform with 
buffer A. DPH and TMA-DPH were added to 
plasma membranes at a ratio of one molecule 
fluorophore for every 500 phospholipid molecules. 
The final lipid phosphorus concentration was al- 
ways adjusted to 50 #M. This was important in 
securing constant 'dilute' anisotropy values. Ani- 
sotropy measurements were performed at 37°C 
on a SLM 4800 spectrofluorometer. Temperature 
was controlled by Lauda thermostated water-bath 
and measured inside the cuvette with an AD590 
probe (Analog Devices). For both fluorophores 
the excitation wavelength was 360 nm and Schott 
KV399 filters were used in both emission beams. 

Results 

Phospholipid incorporation in thyroid plasma mem- 
branes 

As shown in Tables I and II, the nonspecific 
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TABLE I 

LIPID TRANSFER FROM SUV TO BOVINE THYROID 
PLASMA MEMBRANES CATALYZED BY TRANSFER 
PROTEIN 

For incubation conditions see Materials and Methods. Lipid 
transfer is expressed as percent of the indicated radioactive 
labelled lipid. SUV compositions are expressed as molar ratios. 
Cholesterol/phospholipid molar ratios were determined on a 
Bligh and Dyer lipid extract of bovine thyroid plasma mem- 
branes. Results are averages± S.E. of duplicate determinations 
of three separate experiments. CH, cholesterol; PL, phos- 
pholipid; ns-TP, nonspecific lipid transfer protein. 

SUV ns-TP ,co lipid C H / P L  
transfer 

[14C]PC/CH (1:0.4) - 1.1 ±0.2 0.40_+0.04 
+ 13.5 + 1.2 0.38±0.03 

[14C]PC/PI/CH (1:1:0.8) - 3.4±0.3 0.39_+0.05 
+ 27.0 ± 1.9 0.37 ± 0.03 

PC/[3 H]PI /CH (1:1:0.8) - 11.1 ± 1.0 0.38+_0.04 
+ 42.4_+2.8 0.37_+0.03 

lipid transfer protein of bovine liver was able to 
promote the exchange of anionic (PS,PI,PA) as 
well as zwitterionic (PC,PE) phospholipids. 
Anionic phospholipids exhibited nearly the same 
transfer activity which was 2-3-times higher than 
that observed with zwitterionic phospholipids (Ta- 
ble III). The transfer of zwitterionic phospholipids 
(PC), however, was significantly (2-fold) enhanced 
when acidic phospholipids (PI) were present in the 
donor vesicles (Table I). The spontaneous, non- 
protein-mediated transfer of acidic phospholipids 

was, respectively, 2- and 10-times higher than that 
of PE and PC (Table III). Transfer of a particular 
phospholipid occurring in the absence of transfer 
protein was always less than 25% of the total 
transfer observed in the presence of transfer pro- 
tein. The donor vesicles in all experiments had a 
cholesterol to phospholipid molar ratio of 0.4, a 
ratio identical to that of bovine plasma mem- 
branes [13]. Incubation of bovine thyroid plasma 
membranes with SUV of this composition in the 
presence of transfer protein did not affect the 
molar ratio of phospholipids to cholesterol in the 
plasma membranes (Table I). The data in Table II 
demonstrate that a net change in phospholipid 
composition of bovine thyroid plasma membranes 
occurred after incubation with SUV and transfer 
protein. In all experiments the plasma membrane 
phospholipid content did not differ significantly 
between control incubations and those containing 
SUV and transfer protein indicating that no net 
transfer of total phospholipid mass occurred. The 
phospholipid composition of plasma membranes 
was also not affected after incubation with trans- 
fer protein in the absence of exogenous phos- 
pholipids. Incubation with SUV and transfer pro- 
tein resulted in a decrease in the percentage of 
sphingomyelin and an increase in the percentage 
of phosphatidylcholine (Table II; P < 0.05, Stu- 
dent's t-test). The percentage phosphatidyl- 
ethanolamine only increased after incubation with 
phosphatidylethanolamine-containing SUV and 
transfer protein. Incubation of bovine thyroid 

TABLE II 

PHOSPHOLIPID COMPOSITION OF BOVINE THYROID PLASMA MEMBRANES AFTER INCUBATION WITH SUV 
AND TRANSFER PROTEIN 

For incubation conditions see Materials and Methods. The phospholipid composition of plasma membranes was assayed on a Bligh 
and Dyer lipid extract of plasma membranes as described in Materials and Methods. Control incubations contained bovine thyroid 
plasma membranes with either no additions or with transfer protein alone. SUV compositions are expressed as molar ratios. All 
values are expressed as percent of total phospholipid phosphorus. All data are average values ± S.D. for three separate experiments. 
CH, cholesterol; SPH, sphingomyelin; PA, phosphatidic acid. 

SUV PI + PS SPH PC + lysoPC PE + lysoPE PA 

None 13.0±0.9 23.0±2.2 39.6+3.1 24.4±1.5 
PC/CH(I :0 .4 )  11.9+0.8 21.8±1.8 43.2±3.2 23.1±l .3 
P C / P E / C H f l : I : 0 . g )  10.6±0.9 19.4±2.1 43.1+2.4 26.9±1.1 
P C / P I / C H ( I : I : 0 . 8 )  18.3±1.8 18.0±2.3 42.7±3.2 21.0±1.8 
P C / P S / C H ( I : I : 0 . 8 )  18.2±l.6 17.9±1.6 43.0±2.3 20.9+1.1 
P C / P A / C H ( I : I : 0 . 8 )  10.9±1.2 18.7±1.5 42.9+2.5 22.7+1.7 4.8±0.4 
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TABLE I11 

INHIBITION OF TSH STIMULATED ADENYLATE CYCLASE ACTIVITY BY VARIOUS PHOSPHOLIPIDS 

For incubation conditions see Materials and Methods. Control incubations contained bovine thyroid plasma membranes with either 
no additions or with transfer protein alone. The final concentration of TSH was 50 mU/ml. This TSH concentration is situated at 
the beginning of the plateau of the dose-response curve. Percent inhibition was determined relative to control incubations. SUV 
compositions are expressed as molar ratios. Results are means + S.E. of duplicate determinations of four different experiments. CH, 
cholesterol; PA, phosphatidic acid; ns-TP, nonspecific lipid transfer protein. 

s u v  ns-TP % lipid cAMP (pmol/mg Inhibition 
transfer protein per 30 rain) (%) 

- - - 0.60 ± 0.04 - 
- + 0.60 + 0.04 < 1 
PC/CH (1:0.4) - 1.1 ± 0.2 0.59 ± 0.03 2 

+ 13.5 ± 1.2 0.51 _+ 0.04 14 
PC/PI/CH (1:1:0.8) - 11.0 ± 1.0 0.50 ± 0.06 17 

+ 42.4 ± 2.8 0.20 ± 0.03 66 
PC/PE/CH (1:1:0.8) - 5.1 ± 0.4 0.58 ± 0.03 3 

+ 19.3 ± 1.6 0.54 ± 0.04 10 
PC/PS/Ch (1:1:0.8) - 10.7 _+ 0.9 0.56 ± 0.03 7 

+ 41.6 ± 2.6 0.44 ± 0.05 26 
PC/PA/CH (1:1:0.8) - 10.0 ± 0.8 0.56 _+ 0.03 7 

+ 41.0 ± 2.5 0.43 ± 0.05 28 

p l a s m a  membranes  with p h o s p h a t i d y l c h o l i n e /  
choles terol  SUV conta in ing  another  phospho l ip id  
resul ted in p l a s m a  membranes  enr iched in that  
pa r t i cu la r  phospho l ip id  (Table  II). Fur the rmore ,  
the percentage  increase of  a cer ta in  phospho l ip id  
co inc ided  always very well with that  ca lcula ted  
f rom the amoun t  which was incorpora ted  of that  
pa r t i cu la r  phosphol ip id .  F o r  different  p l a sma  
m e m b r a n e  p repa ra t ions  the amoun t  of  a par t icu-  
lar  phospho l ip id  t ransfer red  f rom bovine  thyro id  
p l a s m a  membranes  to SUV b y  t ransfer  p ro te in  
was variable.  These differences might  be  due  to 
var ia t ions  in the ra t io  of r ight-s ide out  to ins ide-out  
vesicles in di f ferent  p l a sma  m e m b r a n e  p repa ra -  
t ions,  because  phospho l ip ids  on the inside surface 
of  the m e m b r a n e  vesicles appea r  to be less 
exchangeable  than  the outs ide  phospho l ip ids  [26]. 
Elec t ron  micrographs  of  thyro id  p l a sma  mem- 
b rane  p repa ra t ions  revealed that  the p l a sma  mem-  
b ranes  were a lmost  exclusively present  under  the 
form of  closed vesicular  structures.  The  percentage  
r ight-s ide  out  vesicles in bovine  thyroid  p l a sma  
membranes  p repa ra t i ons  was es t imated  to be  ap-  
p rox ima te ly  80% as de te rmined  by  inh ib i t ion  of 
the ec to-enzyme A M P a s e  after  t r ea tment  with the 
d i azon ium salt  of  sulfanil ic  acid (da ta  not  shown). 

Effect of modification of membrane phospholipid 
composition on adenylate cyclase activity 

Incuba t ion  of  bovine  thyro id  p l a sma  mem-  
b ranes  with l ip id-exchange  pro te ins  only d id  not  
affect  TSH st imulat ion.  On the other  hand  in- 
cuba t ion  of p l a sma  membranes  with l ipid-ex-  
change  pro te ins  and  phospha t idy l inos i to l -con ta in -  
ing l iposomes  led to a s ignif iant  decrease  in TSH-  
s t imula ted  adenyla te  cyclase act ivi ty  ( P  < 0.001) 
(Table  I lI) .  I ncuba t ion  of  p l a sma  membranes  with 
1 3 - 1 4  units of t ransfer  p ro te in  and phospha t i -  
dylser ine-  or  phospha t id ic  ac id-conta in ing  SUV 
resul ted in app rox ima te ly  the same percentage  
l ip id  t ransfer  as with PI -con ta in ing  SUV (approx.  
41%), bu t  p rovoked  a much  smal ler  decrease  in 
TSH-s t imu la t ed  adenyla te  cyclase act ivi ty  (ap- 
prox.  27% vs. 66%) (Table  III) .  The percentage  
inhib i t ion  of  TSH-s t imu la t ed  adenyla te  cyclase ac- 
t ivi ty var ied  l inear ly  with the amoun t  of each 
phospho l ip id  incorpora ted  (Fig.  1). The  da t a  were 
fit to s t raight  lines by  the me thod  of l inear  regres- 
sion. The  corre la t ion  coeff icient  was always a round  
0.8 and the corre la t ion  was signif icant  at a P < 
0.005 level. Ca lcu la t ion  of  the s lopes of the regres- 
sion lines revealed that  phospha t idy l inos i to l  was 
2.5-t imes more  effective as inhib i tor  of  T S H  
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Fig. 1. Specif ic i ty  of  p h o s p h o l i p i d  inh ib i t ion  o f  T S H - s t i m u -  

lated adenylate cyclase activity. Bovine thyroid plasma mem- 
branes (0.6 gmol phospholipid) were incubated with SUV 
containing the indicated phospholipid PX (0.15 /Lmol phos- 
pholipid, PC/PX/CH, 1:1:0.8 mol/mol) and 0; 4.5; 7.5; 11 
and 13.5 units of transfer protein. Controls contained bovine 
thyroid plasma membranes with the respective amount of units 
of transfer protein. The phospholipids tested for their inhibi- 
tory effect were: phosphatidylinositol (~), phosphatidic acid 
(a), phosphatidylserine (D), phosphatidylethanolamine (v) and 

phosphatidylcholine (O). 

stimulation than phosphat idic  acid or phosphati-  
dylserine and 3.5-times more effective than phos- 
phatidylcholine or phosphatidylethanolamine.  

Reversibility of PI effect 
In order to investigate the reversibility of  the 

inhibitory effect of  PI an at tempt was made to 
restore the stimulated adenylate cyclase activity 
by removal of  PI. Specific removal of PI f rom PI 
modified plasma membranes  can be achieved by 
treatment with either PI specific phospholipase C 
f rom Staphylococcus aureus [16] or by incubat ion 
with transfer protein and phosphat idylcholine 
SUV [8]. Incubat ion of  PI-modified plasma mem- 
branes with transfer protein and phosphati-  
dylcholine SUV removed 60% of the incorporated 
PI (measured by removal of  [3H]phosphati-  
dylinositol) but  did not affect the inhibition of  the 
TSH stimulation (Table IV). Similarly, treatment 
with PI-specific phospholipase C resulted in hy- 
drolysis of  about  86% of the incorporated PI but 

TABLE IV 

REMOVAL OF PHOSPHAT1DYLINOSITOL FROM PI- 
MODIFIED PLASMA MEMBRANES 

PI was incorporated in bovine thyroid plasma membranes as 
described in Materials and Methods. The PI-modified plasma 
membranes (0.12 /~mol phospholipid) were then incubated 
either with PI-specific phospholipase C (3 ~g protein/ml) or 
with 15 units transfer protein and PC/CH-SUV (0.6 ~tmol 
phospholipid; 1:0.4; tool/tool) for 1 h at 37°C in a total 
volume of 0.5 ml. After this incubation the procedure as 
described in Materials and Methods was followed. Results are 
means+S.E, of duplicate determinations of three separate 
experiments. CH, cholesterol; ns-TP, nonspecific lipid transfer 
protein. 

Treatment % [3H]PI cAMP (pmol/mg 
removed protein per 30 min) 

Pl-specific phospholipase C 
- 1 0.13_+0.01 
+ 86 0.12+0.01 

ns-TP + PC/CH-SUV 
Control 1 0.16 _+ 0.02 
- 5 0.16_+0.02 
+ 60 0.15 + 0.01 

did not relieve the inhibition of  TSH stimulation 
(Table IV). Thus, the inhibitory effect seemed not 
to be reversed by removal of  the incorporated PI. 
Incubat ion of  plasma membranes  with transfer 
protein and phosphat idylcholine SUV after treat- 
ment  with PI-specific phospholipase C did not 
result in any additional removal of the incorpo- 
rated PI (results not  shown). These data therefore 
suggest that the inhibition is due to a nonremova-  
ble pool of  phosphatidylinositol.  A possibility to 
be considered is that the lack of  reversibility is due 
to removal of  a critical endogenous PI pool during 
enzyme treatment. Incubat ion of  unmodif ied 
plasma membranes  with PI-specific phospholipase 
C, however, did not  affect TSH-st imulated adeny- 
late cyclase activity (data not shown). 

Site of action of incorporated PI 
Incorporated  PI might affect one of the sequen- 

tial events in the activation process of  adenylate 
cyclase by TSH. In  the first place inhibition of  
TSH stimulation could be due to PI affecting TSH 
receptor binding. Therefore various phospholipids 
were incorporated and tested for their ability to 
affect the binding of 125I-TSH to bovine thyroid 
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TABLE V 

INFLUENCE OF SOME EFFECTORS ON ADENYLATE CYCLASE ACTIVITY IN UNMODIFIED AND PI-MODIFIED 
BOVINE THYROID PLASMA MEMBRANES 

For incubation conditions see Materials and Methods. Percent inhibition was determined relative to control incubations which 
contained bovine thyroid plasma membranes with transfer protein alone. Agonists were added to the incubation mixture to give the 
indicated final concentrations. Results are averages ± S.E. of duplicate determinations of three different experiments. CH, cholesterol. 

Agonist cAMP (pmol/mg protein per 30 min) % inhibition 

Control PC/CH-SUV PC/P1/CH-SUV PC/CH-SUV PC/P1/CH-SUV 

- 0.29-+0.03 0.28±0.03 0.27_+0.02 3 7 
TSH (50 mU/ml) 0.59_+0.04 0.51 _+0 .04  0.20_+0.03 14 66 
Cholera toxin (5/~M) 1 .80_+0.16 1.57±0.14 1.58_+0.15 13 12 
Forskolin (10/~M) 1.30_+0.14 1.14± 0.ll 1.16_+0.12 12 11 

plasma membranes. From these experiments it 
appeared that none of the phospholipids incorpo- 
rated were able to significantly affect the TSH-re- 
ceptor binding (data not shown). Cholera toxin 
stimulation was inhibited only 12% in PI-modified 
plasma membranes and this under conditions in 
which TSH stimulation was inhibited by 66% (Ta- 
ble V; P < 0.05). This indicates that the PI inhibi- 
tion is not situated at the level of the interaction 
between Gs, and the catalyst of adenylate cyclase. 
Furthermore, under the same conditions basal 
adenylate cyclase as well as activation of adeny- 
late cyclase by the diterpene forskolin were 
inhibited to a similar extent (approx. 10%) (Table 

TABLE VI 

EFFECT OF PHOSPHOLIPID-INCORPORATION IN 
PLASMA MEMBRANES BY TRANSFER PROTEIN ON 
MEMBRANE FLUIDITY 

For incubation conditions see Materials and Methods. Control 
incubations contained either bovine thyroid plasma mem- 
branes alone or bovine thyroid plasma membranes and transfer 
protein. SUV compositions are expressed as molar ratios. 
Results are means ± S.E. of duplicate determinations of three 
separate experiments. All measurements were performed at 
37 o C. CH, cholesterol; PA, phosphatidic acid. 

SUV r 5 (DPH) r s (TMA-DPH) 

None 0.173_+0.005 0.224_+0.004 
PC/CH (1:0.4) 0.168 ± 0.005 0.224 + 0.004 
PC/P I /CH  (1:1:0.8) 0.178 ±0.006 0.229_+0.005 
PC/PE/CH (1:1:0.8) 0.177 _+ 0.005 0.230 _+ 0.003 
PC/PS/CH (1:1:0.8) 0.181 _+0.006 0.228-+0.005 
PC/PA/CH (1:1:0.8) 0.183 ± 0.006 0.229 _+ 0.003 

V), indicating that the PI-inhibition does not act 
at the level of the catalyst. 

Previous studies have shown that hormonal 
stimulation of adenylate cyclase might be affected 
by changes in membrane fluidity [27-30]. In order 
to study the influence of phospholipid incorpora- 
tion on the fluidity of bovine thyroid plasma 
membranes we measured the steady-state fluores- 
cence anisotropy (r~) of DPH, known to probe the 
hydrophobic interior of the membrane [31] and 
TMA-DPH,  located at the hydrophobic /  
hydrophylic interface of the membrane [32]. Incor- 
poration of various phospholipids in bovine 
thyroid plasma membranes by transfer protein did 
not significantly (P > 0.05) affect the fluorescence 
anisotropy of TMA-DPH (Table VI). PI-modifica- 
tion of plasma membranes resulted in a 3% change 
in DPH anisotropy whereas incorporation of 
phosphatidylserine and phosphatidic acid induced 
changes of approximately 5% in DPH anisotropy 
(Table VI). 

Discussion 

The ability of a nonspecific lipid transfer pro- 
tein, purified from bovine liver [24], to introduce 
phospholipids into membranes, was used to mod- 
ify the phospholipid composition of bovine thyroid 
plasma membranes. In order to gain further infor- 
mation concerning the role of the lipid environ- 
ment on TSH receptor expression, the correlation 
between this modification and TSH receptor bind- 
ing and stimulation of adenylate cyclase activity 
was evaluated. 
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Phospholipid incorporation in thyroid plasma 
membranes by transfer protein hardly affected its 
phospholipid content indicating that the observed 
changes in phospholipid composition must be 
ascribed to phospholipid exchange rather than to 
adsorption of liposomes to the plasma membrane 
vesicles. Moreover, we always corrected the mod- 
ified phospholipid composition for cosedimenta- 
tion of SUV with bovine thyroid plasma mem- 
branes by quantitation of the non-exchangeable 
marker triolein. The transfer of acidic phospholi- 
pids (PI,PA,PS) in the presence of 13-14 units of 
transfer protein was approximately 2-times higher 
than that of PE. The addition of an equimolar 
amount of PI to PC vesicles provoked a 2-fold 
increase in PC transfer activity. A similar 
enhancement of phospholipid exchange by trans- 
fer protein when acidic phospholipids are present 
in donor or acceptor vesicles has been reported 
previously [24,33]. It has been argued that addition 
of acidic phospholipids may perturb the PC bilayer 
structure due to electrostatic repulsion, thus caus- 
ing a greater spacing between phospholipid 
headgroups and as a consequence an enhanced 
lipid transfer activity [33]. The spontaneous non- 
protein-mediated transfer of the acidic phos- 
pholipids was nearly ten times higher than that of 
PC. This observation might also be explained by a 
less condensed or tightened membrane structure 
in the presence of acidic phospholipids. 

Incubation of bovine thyroid plasma mem- 
branes with lipid-exchange proteins and PI-con- 
raining liposomes resulted in a marked decrease in 
TSH-stimulated adenylate cyclase activity. Since 
during such an incubation a considerable part of 
the plasma membrane lipids was substituted by PI 
the decrease in TSH stimulation is most likely due 
to the incorporation of PI into bovine thyroid 
plasma membranes. The latter incubation also 
resulted in both an increase in the amount of PC 
and a decrease in the amounts of PE and 
sphingomyelin. This might suggest that PI-inhibi- 
tion could be the result of PE- or sphingomyelin- 
depletion or PC-enrichment. However, incubation 
of bovine thyroid plasma membranes with transfer 
protein and phosphatidylcholine/cholesterol SUV 
or SUV containing phosphatidylserine or phos- 
phatidic acid always resulted in both sphingomye- 
lin- and PE-depletion as well as PC-enrichment in 

the membrane, but only the PI-containing SUV 
caused such a large decrease in TSH stimulation. 
A similar specific for PI has been reported previ- 
ously for the isoproterenol-stimulated adenylate 
cyclase of turkey erythrocytes [8]. 

In an attempt to restore the enzyme activity, 
the PI-modified plasma membranes were treated 
with PI-specific phospholipase C or were in- 
cubated with transfer protein and PC/CH-SUV. 
Incubation with PC/CH-SUV resulted in a re- 
moval of 60% of the incorporated PI, while treat- 
ment of PI-modified plasma membranes with PI- 
specific phospholipase C resulted in hydrolysis of 
86% of the incorporated PI. However, neither 
method used for the removal of incorporated PI 
reversed the inhibition of TSH-stimulated adeny- 
late cyclase activity. Also a combination of both 
methods or addition of higher amounts of phos- 
pholipase C did not result in an additional re- 
moval of incorporated PI and a subsequent en- 
hancement of TSH-stimulated adenylate cyclase 
activity. Assuming that phospholipid 'flip-flop' in 
bovine thyroid plasma membranes is similar to 
that reported for rat erythrocytes [26], it is rea- 
sonable to suggest that the PI introduced into 
plasma membranes by protein-mediated lipid 
transfer is located almost entirely on the outer 
halve of the phospholipid bilayer of the plasma 
membrane vesicles. 

These data support the view that inhibition of 
TSH stimulation is due to a nonremovable pool of 
PI located at the outer leaflet of the plasma mem- 
brane phospholipid bilayer. In this respect it is 
interesting to mention the difference in suscepti- 
bility to release by a PI-specific phospholipase C 
of certain PI-bound plasma membrane enzymes 
[34-36]. The differential release of these enzymes 
has been ascribed to their association with differ- 
ent populations of PI molecules, one being in- 
accessible to PI-specific phospholipase C. In a 
similar way, the nonremovable pool of PI in our 
experiments might also be shielded from phos- 
pholipase C attack due to an intimate association 
with some plasma membrane proteins such as for 
instance a component of the adenylate cyclase 
system. Treatment with PI-specific phospholipase 
C might also result in removal of endogenous P1 
which might lead to an irreversible inhibition of 
TSH stimulation. This is however unlikely since 
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treatment of unmodified plasma membranes with 
PI-specific phospholipase C did not affect TSH 
stimulation. PI might interfere with one or more 
of the sequential events between initial TSH bin- 
ding and ultimate activation of the catalyst of 
adenylate cyclase. Binding experiments demon- 
strated that TSH binding to bovine thyroid plasma 
membranes was not affected by PI-incorporation. 
Thus, PI appears to act as an inhibitor of 
TSH-stimulated cyclase at a step beyond TSH 
binding. Basal as well as cholera toxin- and for- 
skolin-stimulated adenylate cyclase activity were 
inhibited by approximately 10% in PI-modified 
plasma membranes, under conditions in which 
TSH stimulation was decreased by 66%. These 
results indicate that the PI effect does not inter- 
fere with the activating coupling between the a- 
subunit of the stimulatory GTP binding regulatory 
protein (G~) and the catalyst nor does it act at 
the level of the catalyst itself. Thus, by elimina- 
tion, it appears that PI diminishes the 
TSH-stimulated adenylate cyclase activity by in- 
terfering with the efficiency of the activating cou- 
pling between the occupied TSH receptor and the 
stimulatory GTP binding regulatory protein. 
Earlier studies revealed that the receptor-adeny- 
late cyclase interaction might be significantly al- 
tered by manipulations which change the mem- 
brane fluidity [28,37]. However, in our system 
incorporation of PI in bovine thyroid plasma 
membranes showed no significant change in both 
DPH- and TMA-DPH anisotropies, indicating that 
the PI-effect is due to a direct interaction of this 
phospholipid with a component of the adenylate 
cyclase system rather than a general sensitivity to 
changes in bulk membrane fluidity. 

Several lines of evidence support the concept 
that adenylate cyclase is influenced by the com- 
position of its membrane environment [8,38,40]. 
More specifically, the involvement of membrane 
phospholipids has been suggested in TSH receptor 
binding [11,12,41,42,45,46] and TSH-stimulated 
adenylate cyclase activity [9,11,43,44]. With regard 
to receptor binding it has been shown that treat- 
ment of thyroid membranes or tissue with phos- 
pholipase A 2 [11,12,45] or phospholipase C [12,46] 
enhanced TSH receptor binding. Addition of acid 
phospholipids to thyroid plasma membranes (PI 

PA > PS), on the other hand, diminished TSH 

receptor binding [41,42]. According to Aloj et al. 
[42] this PI-induced inhibition of TSH binding is 
the result of a direct interaction with the hormone 
whereas Omodeo-Sale et al. [41] believe that this 
inhibition is due to an interaction of acidic phos- 
pholipid with plasma membranes. This latter con- 
clusion was based on the observation that inhibi- 
tion took place when membranes were prein- 
cubated with phospholipids and subsequently sep- 
arated by centrifugation prior to TSH binding. 
Similar experiments, reported by Aloj et al. [42], 
did not support this conclusion. In these experi- 
ments preincubation of membranes with acidic 
phospholipids were, however, performed at 0°C 
whereas Omodeo-Sale et al. [41] conducted their 
experiments at 24°C. Our results indicate that at 
these elevated temperatures, even in the absence 
of transfer protein, phospholipids are incorpo- 
rated into thyroid plasma membranes. Using bind- 
ing conditions identical to those reported by 
Omodeo-Sale our results, however, show that in- 
corporation of PI, in the absence or presence of 
transfer protein, has no effect on TSH binding. 
An explanation to be considered is that incom- 
plete removal of PI liposomes from plasma mem- 
branes after the preincubation period partially 
blocks TSH binding due to direct interaction with 
the hormone. In the turkey erythrocyte system PI 
incorporation has also no effect on fl-adrenergic 
receptor binding [8]. 

Several studies have shown that treatment of 
thyroid membranes with phospholipases also 
caused a decrease in TSH-stimulated adenylate 
cyclase activity [9,11,43] and subsequent addition 
of phosphatidylcholine and to a lesser extent 
phosphatidylserine partially restored hormone re- 
sponse [9]. Also treatment of membranes with 
Lubrol PX caused a loss of their TSH response, 
addition of phosphatidylcholine again partially re- 
stored activity [9]. This phospholipid requirement 
for hormone responsiveness appears, however, to 
be tissue-specific since it has been previously re- 
ported by Levey [47] that phosphatidylinositol 
specifically restores norepinephrine responsiveness 
of Lubrol PX solubilized cat myocardial adenylate 
cyclase. From these studies it would appear that at 
least in thyroid plasma membranes, phosphati- 
dylcholine is a critical phospholipid for the 
hormone responsiveness of adenylate cyclase. 
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M o r e  recent  r econs t i t u t i on  expe r imen t s  [48] have  
show n  that  p h o s p h a t i d y l c h o l i n e  is i ndeed  im-  
p o r t a n t  for the p r o d u c t i v e  regu la to ry  i n t e r ac t i on  
of the ca ta ly t ic  p ro t e in  of  r abb i t  hepa t ic  ad en y l a t e  
cyclase wi th  the s t imu l a t o ry  G T P  b i n d i n g  regu-  

la tory  pro te in .  These  observa t ions ,  t aken  together  

wi th  our  results ,  therefore  suggest  that  phospho l i -  
p ids  m a y  p lay  a dua l  role in  the r egu la t ion  of 

adeny la t e  cyclase activity.  P h o s p h a t i d y l c h o l i n e  

b e i ng  p r o b a b l y  a n  essent ia l  c o m p o n e n t  for T S H  
s t i m u l a t i o n  a n d  phospha t idy l inos i to l ,  if p resen t  in  

the ou te r  ha l f  of  the p h o s p h o l i p i d  bi layer ,  ac t ing  

as a nega t ive  m o d u l a t o r  of  the coup l ing  be tween  
the occup ied  receptor  a n d  the s t i mu l a t o ry  G T P  

b i n d i n g  regu la to ry  pro te in .  A s imi lar  m o d u l a t o r y  
ac t ion  of  PI has b e e n  suggested prev ious ly  [8] for 
the /3-adrenergic recep tor  m e d i a t e d  regu la t ion  of 

adeny l a t e  cyclase in  tu rkey  erythrocytes .  
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