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Summary. The transmembrane distribution of the 
major aminophospholipids in the bovine retinal rod 
outer segment disk membrane, phosphatidyletha- 
nolamine and phosphatidylserine, was determined 
using a novel pair of permeable and impermeable 
covalent modification reagents. The values for the 
percentages of phosphatidylethanolamine and phos- 
phatidylserine in the outer monolayer were calculat- 
ed from a simple expression which takes into ac- 
count the leakage of impermeable reagent into the 
disk lumen as monitored by the extent of labeling of 
lysine entrapped in the lumen. We infer from our 
results that at least 73 to 87 ~ of the disk phosphati- 
dylethanolamine and 77 to 88~  of the disk phos- 
phatidylserine are in the outer disk membrane 
monolayer. The fatty acid composition of the inner 
aminophospholipids is slightly more saturated than 
the outer aminophospholipids. Calculations using 
the lateral surface areas occupied by the disk mem- 
brane lipids suggest that 65 to 100~ of the disk 
phosphatidylcholine is on the inner membrane sur- 
face. Since the disk phosphatidylcholine is also 
somewhat more saturated than the phosphatidyl- 
ethanolamine and phosphatidylserine of the outer 
monolayer, the total inner membrane monolayer fat- 
ty acid composition is more saturated than that of 
the outer monolayer fatty acid composition. 

The distribution of phospholipid classes between the 
inner and outer monolayers of several membrane 
bilayers has been determined by a number of diverse 
techniques [14, 17]. No general pattern or functional 
significance is as yet apparent [14, 17]. Reliable de- 
terminations of transmembrane phospholipid distri- 
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bution may provide insight into its possible role in 
membrane function. 

The transmembrane distribution of the ami- 
nophospholipids of the bovine retinal rod outer seg- 
ment (ROS) disk membrane, phosphatidyletha- 
nolamine and phosphatidylserine, has been reported by 
four research groups. Using a permeable and imper- 
meable pair of imidoesters as chemical probes, we 
preliminarily reported that at least 70~  of the disk 
membrane aminophospholipids were exposed on the 
outer membrane surface [16]. Smith et al. [20] have 
reported that all aminophospholipids in the disk 
membrane are available for reaction with the imper- 
meable reagent trinitrobenzenesulfonic acid. Re- 
cently, Crain et al. [3] using both trinitrobenzenesul- 
fonic acid and the imidoester isethionylacetimidate 
(IAI), showed that at least 62-73 ~ of the disk phos- 
phatidylethanolamine and at least 25-31~o of the 
phosphatidylserine are present in the disk membrane 
outer monolayer, while a minimum of 18-27 ~ of the 
phosphatidylethanolamine and 25-35 ~ofthephospha- 
tidylserine are in the inner monolayer. Utilizing a 
very different approach, Sklar et al. [18, 19] found that 
the thermal behavior of disk membranes and lipid 
bilayers made from extracted ROS phospholipid 
classes could best be reconciled with a transmembrane 
phospholipid distribution which placed most of the 
aminophospholipids in one monolayer and most of 
the phosphatidylcholine and cholesterol in the other 
monolayer. Similar results are obtained and similar 
interpretations are made from differential scanning 
calorimetry studies of disk membranes and lipid bi- 
layers [-10, 11]. In contrast, Bonting and coworkers 
employing a combination of phospholipases and 
TNBS labeling find little or no asymmetry in the 
transbilayer distribution of phosphatidylethanol- 
amine, phosphatidylserine, or phosphatidylcholine 
in the disk membrane [1, 6, 7]. 

We report here the transmembrane distribution 
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of phosphatidylethanolamine and phosphatidylserine 
of the ROS disk membrane as derived by covalent 
labeling experiments using a pair of novel permeable 
and impermeable imidoesters. The advantages that 
these two reagents possess for chemical modification 
of biological structures are discussed at length else- 
where [13]. Using the labeling of lysine entrapped in 
the intradiskal space to measure the amount of "im- 
permeable" labeling reagent gaining access to the 
inner membrane surface and compensating for this 
leakage with an analytical treatment similar to that of 
Nemes et al. [13], we find that at least 73 to 87% of the 
disk phosphatidylethanolamine and 77 to 88% of the 
phosphatidylserine are on the outer (cytoplasmic) 
disk membrane surface. We also present calculations 
which imply that phosphatidylcholine is predom- 
inantly located on the inner (noncytoplasmic) disk 
membrane surface. This transmembrane distribution 
of phospholipids is topologically identical to that 
found for the red blood cell, in which phosphatidyl- 
ethanolamine is located on the inner (cytoplasmic) 
red blood cell membrane face and the choline-con- 
taining phospholipids are located on the outer (non- 
cytoplasmic) face (for reviews see refs. 14 and 17). 
The fatty acid compositions of the inner and outer 
phosphatidylethanolamine are somewhat similar, as 
are the inner and outer phosphatidylserine fatty acid 
compositions, with the fatty acids of both inner 
phospholipids being slightly more saturated than 
those of the respective outer phospholipids. 

Materials and Methods 

Labeling Reagents 

Isethionylacetimidate (IAI) was synthesized by a modification of 
the method of Whiteley and Berg E21~. (2-methylsulfonyl)ethyl 
acetimidate (SAI) and (2-acetimidoxy)ethyltrimethylammonium 
chloride (CAI) were synthesized as described in Nemes et al. El33. 

Labeling Procedure 

Retinal rod outer segments (ROS) were prepared essentially as 
described by Raubach et al. [153. Disks were prepared by dialysis 
of ROS against hypotonic buffer, radioactive lysine was incorpo- 
rated into the intradiskal space by prolonged incubation in a 
hypotonic medium, and the disks were resealed in isotonic salt, 
washed free of unincorporated lysine and labeled by either SAI, 
CAI or IAI, all as described previously [133. Briefly, the labeling 
procedure consists of the addition of five portions of imidoester 
with each of these portions subdivided into a sequence of four 
smaller additions. Each of the five sequences of four additions is 
referred to as a reaction sequence. The membranes were washed 
free of reaction byproducts, hydrolysis products, and excess re- 
agent after each reaction sequence. Aliquots of membrane were 
removed after each wash for the analysis of the extent of labeling 
of rhodopsin, lysine, phosphatidylethanolamine, and phosphati- 
dylserine. The analysis of protein and lysine labeling are described 
in Nemes et al. [133. 

Phospholipid and Fatty Acid Analyses 

The procedure for the analysis of the extent of labeling of phos- 
phatidylethanolamine and phosphatidylserine is summarized in 
Fig. 1. Aliquots withdrawn following the wash after each reaction 
sequence containing approximately 1 mg of rhodopsin were ex- 
tracted by a modification of the method of Folch et al. [8, 123. 
The extracts were transferred to a small volume of neat 
chloroform by rotary vacuum evaporation, applied as 1-cm bands 
to 20 x 20 cm silica gel plates and chromatographed in 65:25:5 
chloroform/methanol/H20+50mg/liter butylated hydroxytoluene 
(BHT). The plate was then visualized under UV light after spray- 
ing with 0.4% dichlorofluorescein in methanol. Using this chro- 
matographic solvent, the amidinated and unamidinated forms of 
phosphatidylethanolamine have essentially the same RI; as do 
the amidinated and unamidinated forms of phosphatidylserine. 
The phosphatidylethanolamine and phosphatidylserine bands 
from each reaction sequence were each scraped from the plate 
into screw-capped test tubes. 1.4 ml of chloroform/methanol/water 
(65:50:5) plus 50 rag/liter BHT was added to each tube and the 
tubes were shaken. 100 ~tl of 0.5 M trinitrobenzenesulfonic acid in 
5700 NaHCO 3, prig,  was added to each tube, the tubes were 
purged with argon, shaken vigorously, and incubated at 37 ~ for 
1 hr. Three ml of chloroform/methanol (2: 1) + 50 rag/liter BHT and 
lml  of 0.1mM EDTA were added to each tube and the tubes 

LABELED AND WASHED DISK MEMBRANES 

1. ORGANIC EXTRACTION 

PHOSPHOLIPIDS 

PE + APE PS + APS 

TPE + APE TPS + APS 

l 4. TLC l 

TPE APE TPS APS 
5. FAITY ACID / 

i AND 
6. PHOSPHORUS 

ANALYSES 

Fig. 1. Flow diagram of the analysis of the fatty acid and phos- 
phorus content of amidinated and unamidinated (trinitrophenyl- 
ated) phosphatidylethnolamine (APE and TPE) and phosphati- 
dylserine (APS and TPS). 1 through 6 are the major manipulations 
in the procedure. The resulting product(s) of each manipulation 
are just below the corresponding arrowheads 
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were purged with argon, capped, shaken vigorously, and centri- 
fuged for 5min in a tabletop centrifuge at 1700xg. The lower 
phases were collected, transferred to a small volume of chlo- 
roform by rotary vacuum evaporation, and further concentrated 
in a stream of argon. The concentrated samples were applied to 
20x20cm silica gel plates and rechromatographed in 65:50:5:3 
chloroform/methanol/acetic acid/H20 plus 50mg/liter BHT. This 
solvent separates the amidinated phosphatidylethanolamine and 
amidinated phosphatidylserine from their respective trinitrophe- 
nylated analogs. The plates were visualized with dichlorofluores- 
cein as above (in addition, the trinitrophenylated compounds 
were characteristically yellow) and the amidinated and trini- 
trophenylated phospholipids scraped into screw-capped tubes, each 
of which contained 14.7#g heneicosanoic acid (21:0; twenty-one 
carbons, no double bonds) as an internal standard and 501~g 
BHT in 1001al chloroform. Fatty acid methyl esters were formed 
and analyzed by gas chromatography, and the phosphorus in 
each sample was determined as described previously [12]. 

Determination of Neutral Lipids 

Lipids were extracted from ROS and transferred to a small vol- 
ume of chloroform as above. The extract was chromatographed 
on 5 x 20 cm silica gel plates in hexane/diethyl ether/acetic acid, 
30:60:1 plus 50 rag/liter BHT [4]. The chromatogram was vi- 
sualized with dichlorofluorescein as above. With the aid of au- 
thentic standards, bands were identified as phospholipid, 
monoacylglycerides, diacylglycerides, free fatty acids, and triacyl- 
glycerides, and were scraped into screw-capped tubes containing 
BHT and heneicosanoic acid in chloroform. Methyl esters were 
formed, analyzed, and quantitated as described above and the 
relative concentrations of the components calculated. 

Cholesterol was determined by a gas chromatographic pro- 
cedure. The lower phase of a modified Folch extraction of ROS 
was dried over MgSO 4 and spun in a tabletop centrifuge to 
sediment the MgSO,. The organic phase was removed, the 
MgSO~ was washed with chloroform, and the combined organic 
phases were concentrated under a stream of argon. A known 
amount of 5/Lcholestane-3/Lol was added as an internal standard, 
100#1 of trimethylsilylimidazole in dry pyridine was added and 
the mixture was heated in a bead bath at 70 ~ for 5min. The 
derivatied cholesterol was analyzed on a Perkin-Elmer gas chro- 
matograph equipped with a 5% Dexsii 400 column and pro- 
grammed to increase the temperature from 190 ~ to 270 ~ at 80 per 
min. Known amounts of cholesterol were also derivatized and 
analyzed in a similar manner to determine the relative response 
factor for cholesterol and the internal standard. 

Results and Discussion 

F i g u r e  2 shows  the  p e r c e n t  R O S  disk  p h o s p h a t i d y l -  

e t h a n o l a m i n e  l abe l ed  by i m i d o e s t e r  vs. r e a c t i o n  se- 

quence .  Af t e r  the  s e c o n d  sequence ,  the  l abe l ing  o f  

p h o s p h a t i d y l e t h a n o l a m i n e  by the  p e r m e a b l e  r e agen t  

S A I  is v i r t ua l l y  1 0 0 ~ .  T h e  l abe l ing  by the  i m p e r -  

m e a b l e  r eagen t s  C A I  a n d  I A I  a p p e a r  to s a tu ra t e  at 

a p p r o x i m a t e l y  92 and  8 5 %  of  the  to t a l  p h o s p h a t i -  

d y l e t h a n o l a m i n e ,  r e spec t i ve ly .  F i g u r e  3 shows  s imi la r  

d a t a  for  R O S  p b o s p h a t i d y l s e r i n e .  T h e  S A I - l a b e l e d  

m a t e r i a l  is v i r t ua l l y  1 0 0 %  of  t he  to t a l  af ter  the  
s e c o n d  r e a c t i o n  sequence .  T h e  C A I - l a b e l e d  p h o s p h a -  

t idy l se r ine  p l a t eaus  at a p p r o x i m a t e l y  9 3 ~  of  to t a l  
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REACTION SEQUENCE 
Fig. 2. The extent of amidination of ROS phosphatidylethanob 
amine by SAI (A), CA[ (m, n), or IAI (e, o). Open symbols 
indicate extent of labeling assayed by fatty acid analysis, and solid 
symbols indicate extent of labeling assayed by phosphorus analy- 
sis of appropriate TLC bands. (*IAI labeling in this figure and in 
Fig. 3 were each determined from different experiments and are 
not directly comparable unless corrected for the different mem- 
brane permeabilities in each preparation. 1) 
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REACTION SEQUENCE 
Fig. 3. The extent of amidination of ROS pbosphatidylserine by 
SAI (A), CAI (i, a), or IA1 (e, o). Open symbols indicate labeling 
assayed by fatty acid analysis, and solid symbols indicate labeling 
assayed by phosphorus analysis. (*The IAI labeling in this figure and 
in Fig. 2 were each determined from different experiments and are 
not directly comparable unless corrected for the different mem- 
brane permeabilities in each preparation, z) 

p h o s p h a t i d y l s e r i n e  a n d  the I A I - l a b e l e d  m a t e r i a l  p la-  

t eaus  at  a p p r o x i m a t e l y  8 0 % .  (The  I A I  l abe l ing  re- 

sults  for  p h o s p h a t i d y l e t h a n o l a m i n e  and  p h o s p h a t i d -  

y l se r ine  were  t a k e n  f rom two  sepa ra t e  e x p e r i m e n t s  

in wh ich  the  m e m b r a n e  p r e p a r a t i o n s  h a d  di f ferent  
p e r m e a b i l i t i e s  a n d  the re fo re  are  n o t  d i rec t ly  corn-  
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REACTION SEQUENCE 
Fig. 4. Imidoester labeling of tritiated lysine entrapped in ROS 
disk membranes vs. reaction sequence. The details of the lysine 
labeling are given in Nemes et al. El3] 

parable. 1) Because the "impermeable" reagents are 
actually somewhat permeable, these data are not a 
direct measure of the percentage of phospholipid on 
the outer membrane surface. These data must be 
adjusted for the fraction of phospholipids of the 
interior surface which are labeled by reagent which 
has leaked into the disk. The details of the treatment 
of the data are discussed in Nemes et al. [13]. Note 
that this treatment assumes that exchange, or "flip- 
flop", of phosphatidylethanolamine or phosphatidyl- 
serine between the inner and outer monolayers is 
negligible on the time scale of our labeling experi- 
ments (ca. 4-5 hr). The presence or absence of lipid 
flip-flop in the disk membrane has yet to be de- 
termined. Briefly, labeling of the amino groups of 
lysine entrapped in the disk lumen is used to mon- 
itor the amount of leakage of imidoester. The per- 
centage of internal lysine labeling vs. reaction se- 
quence for the experiments presented in Figs. 2 and 
3 is given in Fig. 4, As expected, the SAI labeling 
modifies nearly 100% of the internal lysine after the 
second reaction sequence. The saturation of lysine 
labeling at the third or fourth reaction sequence for 
both the CAI and IAI experiments indicates the 
presence of more than one population of lysine- 
containing disks. Of the disks containing lysine, 50 Yo 

The plateau level of labeling of entrapped lysine varies some- 
what from preparation to preparation, implying a corresponding 
variability in the leakiness of different preparations to labeling 
reagent. For this reason, raw labeling data from different experi- 
ments must be corrected for reagent leakage before a direct com- 
parison from one experiment to another can be made (see Results 
and Discussion), 

are essentially completely impermeable to labeling 
reagent, while the remaining 50~o are eventually 
completely permeable to reagent. 

In addition, the amount of lysine retained by the 
disks after extensive incubation in lysine-containing 
medium and washing prior to labeling indicates that 
there is a third population of disks that must also 
be taken into account for the treatment of the raw 
labeling data. The lysine contained in the total disk 
internal volume at the start of the labeling procedure 
is about 80% of the lysine content of the same volume 
of lysine-containing incubation medium. Thus ap- 
proximately 20% of the disks are either (1) rapidly 
leaky to lysine and thus very likely to be totally per- 
meable to the "impermeable" imidoesters and ac- 
tually do represent a third class of disks, or (2) are 
totally impermeable to lysine and thus are likely to 
be also impermeable to the impermeable imidoesters. 
An expression taking into account these classes of 
disks in interpreting the labeling data has been formu- 
lated as follows: 

PL' L = X~o P L  o + (x i DRL + x~t DsL ) P L ,  

where: PLL= t h e  fraction of aminophospholipid la- 
beled; P L o = t h e  fraction of aminophospholipid ac- 
tually on the outer membrane surface; P L i = t h e  
fraction of aminophospholipid actually on the inner 
membrane surface; x o = the fraction of outer amino 
groups actually labeled; x i = t h e  fraction of inner 
amino groups actually labeled on the subset of the 
disks which are permeable to reagent. At saturation 
(i.e., effectively the last or next to last reaction se- 
quences) it is assumed that x o = l  and xz= l. DRL 
=the  fraction of the disks that are rapidly leaky to 
reagent; DsL=the  fraction of the disks that are slow- 
ly leaky to reagent on the timescale of our experi- 
ments and / = t h e  number of reaction sequences. 
Note that P L o + P L  ~ = 1. Assuming that x~ = 1 and 
x 5 =1 (i.e., when labeling has achieved saturation) 
and substituting and rearranging we obtain an ex- 
pression for the fraction of aminophospholipid on 
the outer membrane surface: 2 

p L  L - (DRL + DSL) 
P L  o - (1) 

1 - (DRL + DsL ) 

2 This treatment is similar but not identical to case c), Eqs. (5) 
and (6) in the appendix of ref, 13, where rhodopsin labeling is 
considered, The labeling of phospholipid accessible to reagent ap- 
pears to saturate more slowly than that of the rhodopsin amino 
groups. Thus, the assumption that the external amino groups are 
essentially saturated at all reaction sequences (X~)= 1) is appropri- 
ate for rhodopsin labeling (as used in ref. 13) but is not satisfac- 
tory for the treatment of the phospholipid labeling in the present 
paper, The present analysis differs from that in ref. 13 in assuming 
saturation of the outer phospholipid only at the final reaction 
sequence (Xo 5 = 1) and in assuming that the inner phospholipids of 
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Note that for a given DSL, the larger the DRL, the 
smaller the estimate of PL o. Thus, the maximum 
reasonable estimate of DRL will yield a minimum 
limit to PL o. As stated above, DRL could be as 
much as 0.2 prior to labeling. During the course of 
the labeling process, 24 ~o of the lysine entrapped in 
the disks is released into the medium [13]. Whether 
this released lysine is arnidinated or unamidinated 
will affect the calculated value of PL o. For the pur- 
poses of establishing an upper limit for DRL and a 
minimum value for PLo, we assume that the Joss of 
lysine is from rapidly leaky disks created during the 
labeling procedure. Therefore, an additional 20 ~ of 
the total disk population (0.24 x 80 ~ lysine-contain- 
ing disks) may become totally leaky as a result of 
experimental manipulation, and the maximum value 
for DRL is 0.4. It follows that the minimum value for 
DNL+DsL is 0.6 (where DNL is the fraction of non- 
leaky disks). Since the lysine labeling saturates at 
50 ~ ,  the amount of nonleaky disks, DuL, is equal to 
the amount of slowly leaky disks, DsL, assuming that 
the lysine labeling reflects only these vesicle types. 
Thus, for a maximum DRL of 0.4, the value of DSL is 
0.3. Using these values and a value of PL L = 0.92 for 
phosphatidylethanolamine, Eq. (1) yields a minimum 
PL o of 0.73. Therefore, a minimum of 73~ of the 
total phosphatidylethanolamine is on the outer disk 
membrane surface. Using 0.93 for the PL L for phos- 
phatidylserine, Eq. (1) yields a minimum PL o of 0.77 
or a minimum of 77 ~o of the disk phosphatidylserine 
being on the outer disk surface. These two values 
are derived from CAI-labeling results. Since CAI 
and IAI show virtually identical leakages across the 
disk membrane, this implies that CAI labels the 
ROS disk membrane aminolipids somewhat more 
effectively than IAI. This is not surprising in light of 
the fact while CAI is positively charged, IAI, like 
the disk membrane, bears a negative charge. Since 
both the CAI and IAI results each in themselves 
provide a minimum value for the fractions of ami- 
nophospholipids on the outer membrane surface, the 
higher of these, those derived from the CAI-labeling 
results, are more accurate estimates of the true val- 
ues of PL o for phosphatidylserine and phosphatidyl- 
ethanolamine. 

the leaky vesicles (DRL+DsL) are also saturated at the final re- 
action sequence (X/5 = 1). To emphasize the difference in the ana- 
lyses of the protein and the lipid labeling, a somewhat  different 
notat ion is used. Each of the symbols in the present treatment 
can be identified with a corresponding symbol in ref. 13, except 
one that differs in definition. In ref. 13, X~ refers to the fraction of 
inner amino groups which are labeled on the subset of vesicles 
which are leaky to reagent. Since the lysine labeling plateaus 
(Fig. 4), leaky vesicles here refers to those which are rapidly leaky 
(DRL) as well as those which are slowly leaky (DsL) on the timescale 
of  our experiments 

If minimum values for DR L and for Dsr are used, 
Eq. (1) will yield a maximum estimate for PL o. As 
mentioned above, the 20~ of disks which fail to 
incorporate lysine could be impermeable to both 
lysine and imidoester. In addition, it is conceivable 
that the 24~ of lysine released during the labeling 
procedure might not reflect disks leaky to imidoes- 
ter. In this case DRL would be zero and DsL would 
be 0.4. Substitution of these values into Eq. (1) along 
with PL c=0.92 for phosphatidylethanolamine yields 
a maximum estimate of PL o of 0.87 for phosphatidyl- 
ethanolamine. A similar calculation employing PL L 
=0.93 for phosphatidylserine gives PLo=0.88. Thus 
the amount of phosphatidylethanolamine in the out- 
er monolayer of the disk membrane is approximate- 
ly 73 to 87 ~ and the amount of phosphatidylserine 
in the outer monolayer is about 77 to 88~. The 
value for phosphatidylethanolamine on the outer 
surface is in good agreement with that of Crain et al. 
[3]. However, our value for phosphatidylserine is 
substantially higher than theirs. Apparently they 
were not able to modify a large fraction of external 
phosphatidylserine under their labeling conditions. 
Recently, Drenthe and coworkers have used phos- 
pholipases A, C and D [6] and phospholipase D in 
combination with trinitrobenzenesulfonic acid [7] 
to assess the transmembrane distribution of phos- 
phatidylcholine, phosphatidylethanolamine, and 
phosphatidylserine in the disk membrane. These au- 
thors find only a slight asymmetry for phosphatidyl- 
choline (40-45 ~ in the outer monolayer) and phos- 
phatidylethanolamine (55-60~o in the outer mono- 
layer) and no asymmetry for phosphatidylserine. 
The reason for the discrepancy between our results 
and theirs is not apparent at this time. 

The fatty acid compositions of the amidinated 
and unamidinated phosphatidylethanolamine and 
phosphatidylserine were determined for the CAI- 
labeling experiment. The phosphatidylethanolamine 
and phosphatidylserine that were not labeled consist 
entirely of phosphatidylethanolamine and phospha- 
tidylserine on the inner surface of the membrane. 
However, the labeled phosphatidylethanolamine and 
phosphatidylserine consists of both phosphatidyl- 
ethanolamine and serine on the  inner surface of 
leaky disks and phosphatidylethanolamine and ser- 
ine on the outer surface of all disks. Since the fatty 
acid compositions of phosphatidylethanolamine and 
phosphatidylserine are known directly from analyses 
of the unamidinated controls and the relative amounts 
of inner and outer aminophospholipid in the 
labeled aminophospholipid fractions are easily calcu- 
lated, the fatty acid compositions of the outer sur- 
face aminophospholipids can be determined. Table 1 
gives the fatty acid composition of inner and outer 
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Table 1. 

Fatty acid Phosphatidylethanolamine 

of inner ~o of outer 

16:0 14.8 11.0 
18:0 23.3 25.1 
18:1 6.0 3.8 
20:4 3.5 3.6 
22:5" 3.0 3.8 
22:6 36.5 48.1 
Other 12.9 4.6 

Phosphatidylserine 

16:0 7.2 0~6 
18:0 21.0 21.7 
18:1 5.8 1.6 
20:4 3.4 1.1 
22:4 4.1 3.5 
22:54 3.6 6.0 
22.6 34.2 48.4 
24:4 4.1 5.6 
24:5 4.2 9.1 
Other 12.4 2.4 

22: 5 represents the sum of 22:5 e) 3 and 22:5 co 6 species. 

Table 2. 

Lipid class Moles/mole rhodopsin 

Phosphatidylethanolamine 31.6 ! 1.3 
Phosphatidylserine 10.7 _+ 0.7 
Phosphatidylcholine 29.6 +_ 0.9 
Phosphatidylinositol 1.4 + 1.0 
Sphingomyelin 1.0 _+ 0.2 
Other phospholipid 0.8 _+ 0.6 
Cholesterol 8.2 _+ 1.1 
Free fatty acid 6.1 
Diacylglyceride 0.8 
Monoacylglyceride 0.3 

phosphatidylethanolamine and phosphatidylserine; 
the outer compositions were calculated by using a 
value of 8 0 ~  for the percentage of both phosphati- 
dylethanolamine and phosphatidylserine on the out- 
er membrane surface. The fatty acid compositions 
are similar except that for both phospholipids, the 
inner composition is relatively enriched in more sat- 
urated fatty acids, particularly 16:0, and relatively 
depleted in polyunsaturated acids, particularly 22: 6. 
Since the other major ROS disk membrane phos- 
pholipid, phosphatidylcholine, is likely to be predom- 
inantly present in the inner membrane monolayer 
[11, 18, 19] (see below) and is also somewhat more 
saturated than the ROS outer phosphatidylethanol- 
amine and phosphatidylserine [15], the inner mono- 
layer possesses a more saturated complement of 
fatty acids than the outer monolayer. 

Table 2 shows the total lipid composition of the 
ROS disk membrane. Using these values and two 
simple assumptions, it is possible to estimate the 
transmembrane distribution of phosphatidylcholine 
in the disk membrane. The first assumption is that 
the total lateral area occupied by lipid in the outer 
membrane monolayer is approximately equal to the 
total lateral area occupied by lipid in the inner 
membrane monolayer [5]. Since rhodopsin com- 
prises at least 95 ~ of the integral protein of the disk 
membrane [9] and since numerous studies suggest 
that rhodopsin is an approximately cylindrical mol- 
ecule which spans the disk membrane, this seems a 
reasonable assumption. The second assumption is 
that the lateral areas occupied by each ROS phos- 
pholipid and diacylglyceride molecule in the mem- 
brane are approximately equal and that the lateral 
areas of each free fatty acid, monoacylglyceride, and 
cholesterol are approximately equal and equal to 
half that of a phospholipid. The maximum percen- 
tage of phosphatidylcholine on the outer surface of 
the disk membrane may then be calculated if, in the 
extreme, all ROS diacylglyceride, monoacylglyceride, 
minor phospholipids, free fatty acid, cholesterol, and 
the maximum calculated amounts of inner phospha- 
tidylethanolamine and phosphatidylserine are all as- 
sumed to be present in the inner disk membrane 
monolayer, while the minimum calculated amounts 
of outer phosphatidylethanolamine and phosphati- 
dylserine are assumed to be in the outer monolayer. 
Using these parameters, we calculate that maximally 
35 ~o of the phosphatidylcholine is in the outer mono- 
layer. If either all minor disk membrane lipid 
components were assumed to be in the outer mono- 
layer or if the maximum values of outer phospha- 
tidylethanolamine and phosphatidylserine were used, 
virtually all ROS phosphatidylcholine would nec- 
essarily reside on the inner membrane surface. 

In summary, we infer from these chemical label- 
ing studies that 73 to 87 ~o of the phosphatidyletha- 
nolamine and 77 to 88 ~o of the phosphatidylserine 
are in the outer membrane monolayer, while 65 to 
100 ~o of the phosphatidylcholine exists in the inner 
membrane monolayer. The inner membrane mono- 
layer appears to possess a slightly more saturated 
fatty acid composition than the outer monolayer. 
Note also that studies of the thermal behavior of 
ROS disk membranes of bilayers made from classes 
of extracted ROS disk phospholipid, using both pa- 
rinaric acid fluorescence polarization [18, 19] and 
differential scanning calorimetry [11, 12], suggest 
that over half of the ROS cholesterol is present in 
the inner membrane monolayer, if it is assumed that 
rhodopsin has little effect on the thermal properties 
of the disk membrane lipids. The latter assumption 



G.P. Miljanich et al.:Retinal Rod Disk Membrane Lipid Asymmetry 

Table 3. 

Lipid Outer Inner 
monolayer monolayer 

Total lipids/ 
rhodopsin 
in both 
monolayers 

Phosphatidylethanol- 77-87 ~ 13-27 ~ 32 
amine 

Phosphatidylserine 77-88 ~ 12-23 ~ 11 

Phosphatidylcholine 0-35 ~ 65-100 ~ 30 

Cholesterol < 50 ~ > 50 ~ 8 

Total fatty acids More More 
unsaturated saturated 

is s u p p o r t e d  by  recen t  p r o t o n  [2] ,  c a r b o n  E2], phos -  

p h o r u s  (A.T. Deese ,  M . F .  B r o w n ,  and  E.A.  Dra t z ,  

submit ted)  and  d e u t e r i u m  (A.J. Deese ,  E.A. D r a t z ,  

F .W.  D a h l q u i s t ,  and  M . R .  Paddy ,  submit ted)  N M R  

studies  o f  r h o d o p s i n - l i p i d  in t e rac t ions .  T h e  a p p r o x i -  

m a t e  t r a n s m e m b r a n e  d i s t r i bu t i ons  o f  the  m a j o r  lip- 

ids of  the  R O S  disk  m e m b r a n e  are  s u m m a r i z e d  in 

T a b l e  3. 
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