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The interaction of three vitamin A derivatives or refinoids: aH-trans-refinoic acid, |3-c/s-refinoic acid and 
retinui with muitilamellar phospbolipM bilayers was studied using a combination of 2H- and 31P-Nl~R 
measurements. The following model membrane systems were used: (1) dipa|mitoyiphosphatidylcho|ine 
(DPPC) bi|ayers; (2) bllayers composed of a mixture of DPPC and bovine heart phospbatidy|choline (PC); 
(3) mixed PC/phusphatidylethanolamine (PE) bilayers. Only a weak interaction was observed between 
13-ds-retinoic acid and DPPC membranes. Addition of a|i-trans-retinoic acid at a molar ratio of 1:2 to the 
lipid causes a small decre~me (5 C o) in the gel to liquid crystalline phase-Wansition temperature of DPPC, a 
small increase in the order parameters of the lipid side-chains of single component bilayers and no 
measurable effect in the other lipid systems studied. Considerably larger perturbation in the lipid bUayer 
structure is introduced by addition of retinol which, at a molar ratio of 1:2 to the lipid, lowered the gel to 
liquid crystalline phase.transition temperature of DPPC by 21 C ° and caused a decrease of order 
parameters of the lipid side-chains in all three lipid bUayer systems. T h e e  effects are consistent with 
!nterea!afion of retinol molecules into the bilayer interior. The resui~ for the mixed P C / P E  bilayers 
indicate that the presence of retino| caused lateral separation of PE- and retinol-enriched regions. 

|ntroduetion 

Vitamin A and its derivatives, the retinoids, are 
known to be fundamental mediators of prolifera- 
tion and differentiation of numerous cell types 
[1,2]. A large number of studies have shown that 
retinoids exhibit diverse and sometimes opposite 
effec~ on cells, depending on cell type, concentra- 
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ethar. 'mine; DPPC, dipalmitoyl PC; DPPC-de2 , diper- 
deutercpahnitoyl PC; DPPE, dipalmitoyl PE; DPPE-d~2 , di- 
perdeuteropalmitoyl PE; DMPC, dimyristoyl PC; BH, bovine 
heart; PK-C, protein kinase C. 
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tion of the retinoid and incubation conditions. So 
far, the mechanism of action of retinoids has not 
been deciphered. The two most likely cellular 
targets for retinoid action are the nucleus and the 
plasma membrane. Retinol and retinoic acid bind- 
ing proteins were identified in several tissues [3] 
and it was suggested that their mode of action is 
similar to that of the steroid receptors. The initial 
correlation between the presence of the retinoid- 
binding proteins and the action of retinoids on 
cell growth [4] broke down when several cell fines 
were tested and it was found that retinoids may 
have similar biological effects on cells with or 
without expressed retinoid-binding proteins [5]. 
Thus, it is not possible to state that the binding 
proteins play an obligatory role in the mechanism 
of action of retinoids. Recently, a unifying mecha- 
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nism of retinoid action has been proposed which 
involves the Ca 2+- and phospholipid-dependent 
protein kinase C (PK-C) signal transducfion sys- 
tem [6]. Retinoids were shown to modulate PK-C 
activity [7] and the relative effectiveness of differ- 
ent retinoids to inhibit PK-C activity correlated 
with their ability to induce differentiation in cul- 
tured F9 mouse teratocarcinoma cells [8]. The 
retinoids, however, are not competing for the 
phorbol ester-binding site on the enzyme [7]. It is 
possible that retinoids associate with plasma mem- 
brane lipids and thus affect the conformation and 
activity of membrane-associated PK-C. Interest- 
ingly, retinoic acid was reported to have opposite 
effects on the activity of PK-C when assayed in 
the absence or presence of dJacylglycerol, an en- 
dogenous ligand for PK-C and a product of recep- 
tor-mediated phosphafidylinosRol hydrolysis [9]. 

Lipophilicity of retinoids and their toxic effects 
at higher concentrations make it likely that the 
plasma membrane is one of the targets for retinoid 
action. Moreover, structurally, since the retinoids 
have sorae similarity with detergents, it is possible 
that their toxicity is due to a detergent-hke effect. 
Retinol and retinoic acid were shown to disrupt 
the membranes of erythrocytes and lysosomes [10]. 
Similarities between the effects of some retinoids 
and detergents were indeed observed in a study on 
the activity of the membrane form of galactosyl 
transferase [11]. In contrast to this finding, the 
comparison of the effects of retinoids and deter- 
gents on 'microviscosity' of rat erythrocyte mem- 
branes showed that the retinoids were effective in 
reducing the microviscosity at concentrations two 
orders of magnitude lower than the detergents 
[12]. The importance of the effects of retinoids on 
membranes was demonstrated by the finding that 
the effectiveness of the retinoids to increase the 
fluidity of the membranes paralleled their toxicity, 
as determined in bioassays [13,14]. 

Several studies reported a correlation between 
membrane effects of retinoids and their biological 
activity. The retinoid-induced differentiation of 
embryonal carcinoma cells was accompanied by 
an increase in lipid microviscosity, with only bio- 
logically active analogs showing the membrane 
effect [15]. No correlation between membrane and 
biological effects was, however, observed with 
fibroblasts [16]. Retinol and retinoic acid are the 
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two most commonly compared analogs. In gen- 
eral, refinoic acid appears to be more biologically 
potent, often 100-1000-times more active than 
retinol in many in vivo and in vitro systems 
[17-19]. Several studies on the structure-activity 
relationsh/p of these and other retinoids have been 
carried out [13,20,21]. The general conclusion is 
that the polar terminal group of a retinoid mole- 
cule is particularly important in deternfining its 
activity, toxicity, metabolism and tissue distribu- 
tion. Biophysical studies on the interactions of 
retinoids with model membranes are scarce, geti- 
noid-induced increases in membrane permeability 
to water, ions and glucose were measured by 
osmotic swell/ng, ion-specific electrodes and col- 
or/metric tests, respectively [22]. Retinoid°induced 
lowering of the phase-transition temperature of 
DMPC and DPPC iiposomes was monitored by 
the temperature dependence of liposome permea- 
bil/ty to water and of 1/posome size [22]. The 
observed effects are larger for retinoic acid than 
for retinol [22]. ESR studies of the interactions of 
retinoids with DPPC bilayers reported that both 
retino| anO afl-trans-retinoic acid restr/ct lipid 
side-chain motions in the lower portion of the 
chain. The effects of the two retinoids on the 
upper part of the lipid chains differed: all-trans- 
retinoic acid decreased the order parameter, wh/~e 
retinol had little effect [23]. 

In the present work we report the study of the 
interaction of three retinoids with bilayers of dif- 
ferent compositions, using a combination of 31p. 
and 2H-NMR. The first step involved DPPC or 
DPPC-d6z bilayers, which provided a system with 
a clearly defined phase transition. The complexity 
of the model bilayers was then increased stepwise, 
to include PC and PE extracts. We found that 
each of the retinoids studied has a distinct effect 
on the lipid bilayer structure. 

Materials and Methods 

The retinoids were obtained from Aldrich 
Cheuficai Co. (all-trans-retinoic acid) and from 
Eastman Kodak Co. (13-cis-retinoic acid and reti- 
nol); they were handled under subdued light. 
DPPC and DPPE were purchased from 
Calbiochem, San Diego, CA. The 2H-labeled lipids 
DPPC-d62 and DPPE-d62, as well as the unlabeled 
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lipid extracts from bovine heart (BH), PC and PE, 
were obtained from Avanti Polar Lipids. Bir- 
mingham, AL. 

Multilamellar dispersions of the lipids were 
prepared as follows: the lipids or the lipid/retinoid 
mixture were dissolved in methanol and/or  chlo- 
roform. The solvent was then evaporated off with 
dry nitrogen and the NMR tube was subsequently 
kept under vacuum (<  1 mtorr) for at least 8 h. 
The hydration buffer was a 25 mM Tris buffer 
solution (pH 7.4) either in 2H20 for 3~p-NMR 
experiments or in 2H-depleted H20 (Sigma) for 
2H-NMR samples. The samples were kept in a 
sand bath at 45 °C and vortexed until a uniform 
suspension was obtained. Besides single-compo- 
nent DPPC multilayers, we used a mixture of 
DPPC and bovine heart PC extracts at a molar 
ratio of 1:2.  2H-NMR experiments were also 
performed using multilayers composed of DPPC, 
BH-PC, DPPE and BH-PE; the molar ratio of 
PC:PE was 2:1,  while the molar ratio of syn- 
thetic to extracted lipids was kept at 1:3. Either 
DPPC or DPPE was substituted with DPPC-d62 
or DPPE-d62, respectively, as a 2H-NMR probe. 

3~H-NMR spectra were acquired at 11.74 T 
(202.49 MHz 31p-NMR frequency) on a General 
Electric GN 500 spectrometer, using a spectral 
width of 50 kHz, a 75 o pulse, a relaxation delay 
of 1.5 s and gated broadband proton decoupling 
(10 W). 2H-NMR spectra were acquired at 11.74 
T ( 7 6 . 8 7  MHz 2H-NMR frequency) on a Bruker 
AM 500 spectrometer, using a high-power home- 
built probe [24] and the standard quadrupole echo 
sequence [25]. The spectral width was 166 kHz, 
the refocusing time 50 ~ts, and 90 ° pulse was 4.1 
/iS. 

R e s u l t s  

JsP-NMR study 
Fig. 1 shows typical 3~ P-NMR spectra of DPPC 

multilayers with or without retinol. Both spectra 
show the same spectral pattern, which is character- 
istic of =he multilamellar bilayer phase [26] and 
which was also observed in the presence of all- 
trans-retinoic acid or 13-cis-retinoic acid (not 
shown). The chemical shift anisotropy Ao =o,  
- o ±  can be determined from the edges of the 
spectrum as shown in [26]. Since Ao depends on 

molecular motions and orientation of the phos- 
pholipid headgroups and since the motional state 
of the lipids depends on temperature with an 
abrupt change at the gel to liquid crystalline 
phase-transition temperature (T~), Ao can be used 
to estimate 7 c and to monitor the effect of the 
retinoids on T~ and on the orientation of the 
phospholipid headgroups [27]. 

The temperature-dependences of Ao of DPPC 
in the absence and presence of all-trans-retinoic 
acid or 13-cis-retinoic acid, both at a retinoid : lipid 
molar ratio of 1 "2, are sun~"aarized in Fig. 2. The 
addition of these two retinoids causes only a small 
decrease in the phase-transition temperature of 
DPPC, 2 C o in the presence of 13-cis-retinoic acid 
and 5 C ° in the presence of all-trans-retinoic acid. 
No change of Ao above T~ was observed in the 
presence of either of these two retinoids. Compari- 
son of the Ao values below T~ at the same reduced 
temperature, T~ = ( T -  T~)/(273.15 + T~), shows 
that 13-cis-retinoic acid, but not all-trans-retinoid 
acid, causes a small decrease in the absolute value 
of Ao (Fig. 2). "h'his can be visualized by sliding 
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Fig. 1. 31p-NMR spectra of DPPC multilayers at 50 o C. (A) 

DPPC only; (B) 1 : 2 retinoi : DPPC molar ratio. 
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Fig. 2. Plot of Ao vs. temperature for aqueous dispersions of 
re t inoid/DPPC mixtures (1 : 2 tool/tool) r3, DPPC; o,  DPPC 
with 13.cis.retinoic acid; *, DPPC with all.trans retinoic acid. 

the curves for the 13-cis-retinoic acid and for the 
all-trans-retinoic.acid-contaJrfing sample to the 
right, so that the sharp rises in IZ~al (which corre- 
spond to T=) are superimposed with the corre- 
sponding point for the control DPPC curve (Fig 
2). Thus, the 31p-NI~,~I'~ results showing retinoid- 
induced decreases in T~ and changes in Ao indi- 
cate that both all-tmns-retinoic acid and 13-cis-ret- 
inoic acid interact with DPPC bilayers. 

The temperature-dependence of ~o of DP°C it, 
the presence of different concentratioas of retinol 
is shown in Fig. 3. The effect of retinol on the 
phase-transition temperature of DPPC is consider- 
ably larger than that of the other two retinoids. 
Retinol, in a molar ratio of 1:2  to DPPC lowers 
T= of DPPC by 21 C o. Lower concentrations of 
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Fig. 3. Plot o f / t o  vs. temperature for aqueous dispersions of 
ret inol/DPPC mixtures at different molar ratios. El, no retino~; 
&, t : 20 rednol: DPPC molar ratio; <~, 1 : 6 rctinol: DPPC 

molar ratio; *, 1 : 2 retinol: DPPC molar ratio. 
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Fig. 4. 2H-NMR spectra of DPPC-d62 multilayers at 40°C.  
(A) DPPC-d62 only, (B) 1 : 2 retinol : DPPC-d62 molar ratio. 

retinol induce smaller decreases in T~ (Fig. 3). 
Above T~, there is a small decrease in the absolute 
value of z~o in the presence of retinol. Below T~ 
there is no change in the ~b~olutc v~iu~ v: 2~ h: 
the presence of retinol when compared at the same 
reduced temperatures. 

2H.NMR study 
2H-NMR spectra of DPPC-d62 above the 

phase-transition temperature in the absence and in 
the presence of retinol are shown in Fig. 4. These 
spectra represent the superposition of axially aver- 
aged powder patterns arising from the different 
deuterons for the various C2H2 segments along 
the aeyl chains. S~2 H, the C2H bond-order param- 
eter for the i th segment, can be deduced from the 
quadrupole splitting at the perpendicular orienta- 
tion, Av, using 

/tV b = 3/4( e2qQ/h )S~2 H 

where (e2qQ/h) is the C2H deuteron quadrupole 
coupling constant (170 kHz for aliphatic C-2H 
bonds [28]). 
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Comparison of 2H-NMR spectra of perde- 
uterated DPPC-d62 with those of specifically 
labeled samples [29] has led to a tentative assign- 
ment of the resolvable peaks to specific chain 
pogitions [30]. These works established a char- 
acteristic order parameter profile along the hydro- 
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Fig, 5• Plots of the quadrupole spfittings of DPPC-de~ vs. peak 
number in the presence and absence of the retinoids at a molar 
ratio of refinoid-to-lipid 1:2• (A) 13, DPPC-ds~ at 40 o C; o,  
DPPC.d~ with 13-cis-retinoic ~cid at 40 o C; @, DPPC-d~ at 
42°C (same reduced temperature as the 13-cis-retinoic-acid- 
containing sample). (B) O, DPPC-d~ at 40 o C; o,  DPPC-d~s~. 
with all-trans-retmoic acid at 400 C; @, DPPC-d~z at 45 °C  
(same reduced temperature as all-trans-refmoic.acid-contairfmg 
sample). (C) O, DPPC-d~ at 40 o C; o ,  DPPC-d~ with retinal 
at 40 ~ C; @, DPPC-d~z at 61° C (same reduced temperature 

as the retinal-containing sample). 

carbon chains of a phospholipid molecule in a 
multilayer. The methylene segments near the 
glycerol backbone show a characteristic plateau 
due to coinciding order parameters. The methyl- 
ene segments in the lower parts of the chains are 
progressively more disordered and their quadru- 
pole patterns show well-resolved peaks at the per- 
pendicular orientation. In the present work we 
resolved up to eleven quadrupole splittings of 
DPPC-d62 above T~ (Fig. 4). The 2H-NMR spec- 
tra of DPPC-d62 with or without the retinoids 
have very similar shape confirming the 31p-NMR 
data about the maintenance of the bilayer phase, 
even at high concentrations of the retinoids (Fig. 
4). The different appearance of Fig. 4B as com- 
pared to Fig. 4A is not due to the presence of a 
broad component in Fig. 4B, but is probably 
related to the decrease in ~ by 21 C ° in the 
presence of retinol. A spectrum of DPPC-d62 by 
itself at the same reduced temperature (experi- 
mental temperature of 61 ° C) looks similar to the 
one in the presence of retinol at 40 o C. The effects 
of the three retinoids.~ each at a molar ratio of 1" 2 
to the lipid, on the quadrupole splittings of 
DPPC-d62 are shown in Fig. 5. This figure shows 
the quadrupole splittings obtained from 2H-NMR 
spectra in the absence and in the presence of a 
zetiuoid at 40 o C, ~,,,,,~ ,,,~,,'1" ~ gj'~'cz "~',,,,." quadrupole 
splittings for DPPC-d6: at the same reduced tem- 
perature as the retinoid-containing sample• The 
reduced temperatures used here are based on the 
change in T~ obtained from 3]P-NMR measure- 
ments. We additionally checked retinoid-induced 
changes in T~ by ZH-NMR measurements of the 
corresponding DPPC-d6: retinoid samples. In all 
cases studied, the difference between such z H- and 
31P-measurements was about 5 C °, corresponding 
to the T~ difference between DPPC and DPPC-d6z. 
Furthermore, we have measured T~ of DPPC-d6z 
retinoid samples using 31p-NMR and found good 
agreement with the 2H-NMR results. 

Only a very small decrease in the quadrnpole 
splittings of DPPC-d6~ is observed in the presence 
of 13-cis-retinoic acid (Fig. 5A). This effect be- 
comes even smaller and insignificant upon com- 
parison with DPPC-d6z at the same reduced tem- 
perature, corresponding to measurement of 
DPPC-d6u at 42 ° C. The presence of all-trans-reti- 
noic acid (Fig. 5B) induces a small but significant 



/ncrease/n the quadrupole splhdngs of DPPC-d62. 
The comparison whh DPPC-d62 at the same re- 
duced temperature enhances this effect. The effect 
of refinol (Fig. 5C) on the quadrupole spl/tt/ngs of 
DPPC-d62 is considerably stronger than that of 
the other two retinoids. Rednol /nduces a large 
decrease in the quadrupole splhfings of DPPC-d62. 
Comparison with DPPC-d6~ at the same reduced 
temperature (correspond/ng to measurement of 
DPPC-d62 at 61°C) shows that the presence of 
retinol increases the order parameter of the side- 
chains of DPPC-d62. Th/s is the opposite of the 
effect observed at the same temperature of mea- 
surement (40 ° C). 

In add/t/on to the study of DPPC multilayers, 
a H-NMR experiments were performed using a 
mixture of DPPc-d62 with BH..PC extracts. The 
quadrupole splitfings of DPPC-d62 m such mixed 
bilayers, in the absence or presence of refinol or 
all-trans-retinoic acid, are represented in Fig. 6. 
The data for 13-cis-retinoic acid are not shown in 
Fig. 6 because of complete overlap with the d~, 
values for DPPC-d6z whh and without aU-trans- 
retinoic acid. In this lipid system only reth~ol 
caused significant disordering of the lipid side- 
chains, with the other two retinoids exlfibiting no 
effect. 

We also studied the interactions of refinoids 
with phosphol/pid multilayers composed of a nfix- 
ture of BH-PC extracts and BH-PE extracts at a 
PC/PE ratio of 3 : 1, which corresponds to that of 
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Fig. 6. Plot of the quadrupole splittings vs. peak number for 
DPPC-d62/BH-PC multilayers Ln the absence and presence of 
retinoids at a molar ratio of retinoid-to-lipid of 1:2 at 37 o C. 
El, DPPC-d6z/BH-PC only; A, DPPC-d62/BH-PC with all- 

trans-retinoic acid; *, DPPC-d6z/BH-PC with retinol. 
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Fig. 7. Plot of the quadrupole splittings vs. peak number of 
PC/PE mixtures in the absence and in the presence of retinol 
(retinol-to-lipid molar ratio 1:2) at 37 o C. El, PC/PE m/×ture 
with DPPC-d62; A, PC/PE mixture with DPPE-d62; o, PC/PE 
mixture with DPPC-d62 and with retinoi; *, PC/PE mixture 

with DPPE-d62 and with retinol. 

many natural membranes. The 2H-NMR probe 
was either DPPC-d62 or DPPE-d62. As can be 
seen /n Fig. 7, both control m/xtures, with no 
retinoids added, have identical quadrupole split- 
tings. This indicates ~hat the components of these 
m/~tures are well m/:~ed. Neither aU-trar~s-retinoic 
acid nor 13-cis-retinoid acid had any effect on the 
quadrupole spl/ttings of either DPPC-d62 or 
DPPE-d62 (results not shown). Retinol, on the 
other hand, again affects the quadrupole splittings 
sign/ficantly. Tiffs effect is considerably stronger 
when the monitored perdeute~-ated probe is 
DPPE-d62 (Fig. 7). 

Discussion 

This work was initiated to provide information 
on the interaction of three retinoids with multi- 
lameUar lipid bi!ayers of different composition. 
The 31P-NMR spectra of DPPC show that the 
presence of any of the three retinoids at a reti- 
noid-to-Upid molar ratio of I : 2  does not disrupt 
the b~layer phase of DPPC. Each retinoid lowers 
the gel to liquid crystalline phase-transition tem- 
perature of DPPC, albeit to a different extent. For 
13-cis-retinoic acid and for all-transoretinoic acid; 
only small decreases in T~ of 2 and 5 C o respec- 
tively, were noted at a molar ratio of 1 :2  to the 
lipids. The meaning of these small effects is dis- 
cussed below, together with the ZH-NMR results. 
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The presence of retinol at a molar ratio of 1 : 2 to 
the lipids lowers T~ by 21 C °. Such a large 
decrease of the phase-transition temperature is a 
feature indicative of molecules which intercalate 
into the brayer. Further confirmation of intercala- 
tion of retinol into the interior of DPPC bRayers 
comes from 2H-NMR measurements, where de- 
crease of the quadrupole splittings of all segments 
of the DPPC-d62 side-chains indicates retinol- 
induced perturbation of the lipid side-chain pack- 
ing (Fig. 5C). It was previously pointed out that 
such an overall decrease of the lipid side-chain 
order parameters reduces Van der Waals forces in 
the bilayer, resulting in the decrease of T¢ [31-33]. 
In order to deduce the position of the intercalated 
retinol molecules relative to the surrounding lipids, 
it is ' useful to compare 2H-NMR spectra of 
DPPC-d62, with or without retinol, at the same 
physical state by applying the reduced tempera- 
ture scale, which, in our case, closely corresponds 
to an equal A T  ffi T -  T~, where T is the tempera- 
ture of measurement. Fig. 5C shows that, at the 
same reduced temperature, the presence of retinol 
causes a uniform increase of the order parameters 
of the DPPC-d62 side-chains. A similar effect was 
found in the case of intercalation of n-octanol into 
DMPC brayers [34]. The interpretation of our 
results basically follows that of Pope and Dubro 
[34], indicating that the hydroxyl terminals of the 
retinol molecules are anchored at the polar-group 
region of the bilayer and their polyene chains 
extend into the brayer among the lipid chains, 
thereby restricting their motions and increasing 
the average bilayer order. This positioning of the 
retinol molecules agrees with the concksion 
reached in recent work by Wassail et al. [23]. Our 
observation that the absolute value of Ao o. ~ DPPC 
above T~ decreases in the presence of r~dnol indi- 
cates changes in the average orientation of the 
phosphorus moiety of the DPPC headgroups [27] 
and is consistent with the location of retinol mole- 
cules as described above. Furthermore, if the hy- 
droxyl terminal group of retinol is indeed located 
at or near the polar-headgroup region of the hi- 
layer, one might expect that retinol would interact 
differently with different types of lipids. Our re- 
suits indeed show that in mixed PC/PE brayers 
retinol interacts preferentially with the PE compo- 
nent (Fig. 7). In these mixed bilayers, the order 

narameters of either DPPC-d6a or DPPE-d62 
side-chains are identical prior to the addition of 
retinol, indicating ideal mixing of the lipids. Intro- 
duction of retinol decreases the order parameters 
of both the PC and PE deuterated probes, with the 
change being significantly larger in the case of PE 
(Fig. 7). Such behavior is consistent with the for- 
mation of laterally separated regions enriched with 
PE and retinol. 

The perturbation of the DPPC brayer structure 
by all°trans-refinoic acid is qualitatively somewhat 
similar to that of retinol, but the effects are much 
smaller. Thisdifference between the effects of 
retinol and all-trans-retinoic acid indicates that 
retinol is more soluble in the lipids than aU-trans- 
retinoic acid. Our results agree with observations 
by Dingle and Lucy [10], showing retinol as a 
powerful membrane-active agent and demonstrat- 
ing that replacement of the terminal hydroxyl 
group by a carboxyl group (retinoic acid) di- 
minished the ability to increase the area of a 
PC-cholesterol film at constant pressure. The 
higher lipid solubility of retinol can be correlated 
with its less polar terminal group which results in 
a more uniform distributioa of electron densities 
along the polyene chain of retinol, making this 
molecule more soluble in the lipid phase than 
retinoic acid [35]. 

Based on ESR studie~ it was recently suggested 
that albtrans-retinoic acid intercalates only half- 
way into the brayer [23]. Our results indicate that 
such a location of all-trans-retinoic acid molecules 
;s unlikely, since it would produce a relatively 
larger decrease of the order parameters in the 
segments below those in direct contact with the 
all-trans-retinoic acid molecules. Such a situation 
was described by Pope and Dubro [34] upon in- 
corporation of n-butanol into DMPC brayers. In 
addition, positioning the all-trans-retinoic acid 
molecule with the bulky ring system halfway along 
the acyl chains would very likely induce a large 
effect on the order parameters, which is nat ob- 
served here. Instead, we observed a small but 
uniform increase of the DPPC-d62 side-chain order 
parameters (Fig. 5B), indicating that all segments 
of the DPPC-d6z side-chains are directly in con- 
tact with all-trans-refmoic acid, leading to posi- 
tioning of the hydrocarbon chain of this molecule 
along the acyl chains of the phospholipids, as in 



the case of retinol. This leads to positioning of the 
bulky ring system close to the end of the acyl 
chains, where it is more plausible that no large 
effect is observed, since the order parameters are 
already quite low in this region. A figure illustrat- 
ing possible positionings of the retinoids can be 
found in Ref. 23. The difference between our 
results and those of Wassail et al. [23] is probably 
due to employment of the bulky spin probe in the 
latter work, which is likely to cause additional 
perturbation of the conformation of surrounding 
lipids. Such a discrepancy between ZH-NMR and 
ESR results has been observed before, e.g., by 
Wassall et al. [36] in the case of a- 
tocopherol-phospholipid interaction, and was ex- 
plained by perturbation problems associated with 
the bulky nitroxide spin-label. Similar explanation 
for the discrepancies between 2H-NMR and ESR 
order parameters is given in a review on ESR [37]. 
We did not observe any perturbation of lipid 
side-chains by all-trans-retinoic acid in lipid ex- 
tract-containing bilayers. The reason for this lack 
of observable effect is not entirely clear, but it is 
possible that all-trans-retinoic acid molecules can 
fit better into the more loosely packed membranes 
which contain saturated and unsaturated lipid 
chains of different lengths. 

The presence of 13-cis-retinoic acid in DPPC- 
d62 bilavers induces a small decrease in the 
quadrupole splittings all along the fatty acyl chains 
when measured at the same temperature (Fig. 5A). 
This effect can be attributed solely to a change in 
T~, as substantiated by the fact that the effect is 
abolished upon comparison with DPPC-d62 at the 
same reduced temperature (Fig. 5A). No effects of 
13-cis-retinoic acid on the ordering of the acyl 
side-chains were observed with the multicompo- 
nent bilayers. These observations and the, previ- 
ously mentioned small decrease in T~ of DPPC 
lead to the conclusion that 13-cis-retinoic acid 
interacts only with the headgroups of the lipids at 
the bilayer/water interface. Since there is no evi- 
dence for intercalation of 13-cis-retinoic acid into 
the bilayer, it is possible that rnicel~ation occurs, 
which would keep the hydrophobic polyene chains 
away from water. 

Studies on the biological activity and on the 
toxicity of retinoids have consistently reported 
that retinoic acid is significantly more active and 
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toxic than retinol. Tiffs means that the interaction 
of retinoids with zwitterionic lipids studied here is 
not sufficient to fully account for the mechanism 
of biolo~cal action of retinoids on cells. The 
observed strong interaction of retinol with PC and 
PE shculd be considered when evaluating the 
mechanism of biological action of this compound. 
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