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Abstract

The relative roles of phospholipid fatty acyl chain length and
phospholipid fatty acyl chain unsaturation in the determination
of rat renal brush border membrane order were examined using
multilamellar liposomes. Exposure of brush border membranes
to sphingomyelinase resulted in a time- and concentration-de-
pendent decrement in sphingomyelin content. Liposomes pre-
pared from lipid extracts of these membranes were reconstituted
to defined phosphatidylcholine (PC)/sphingoomyelin (SPH) ratios
with pure synthetic PCs of defined chain length and degrees of
unsaturation. Mixed-acid PCs from bovine liver, egg, and the
rat renal brush border membrane were also examined. The steady
state fluorescence anisotropy of 1,6-diphenyl-1,3,5-hexatriene
(DPH) at 370C was used to reflect acyl chain packing. The steady
state anisotropy of DPHin liposomes isolated from the rat renal
brush border membrane averaged 0.205±0.001, n = 8. When
liposomes were reconstituted to PC/SPH ratios of 1.1, 1.6, and
2.4 with saturated PCs of acyl chain length 16 to 22, differences
in anisotropy between groups were not observed. However, when
PCs containing unsaturated or mixed-acid fatty acyl chains were
introduced, anisotropy decreased in a concentration dependent
fashion. These data suggest that phospholipid fatty acyl chain
unsaturation, but not acyl chain length, has a powerful influence
on renal brush border membrane order and the PC/SPH ratio
is an important determinant of renal membrane order by virtue
of the unsaturated fatty acids normally present with these phos-
pholipids.

Introduction

Previous studies have indicated that phospholipid fatty acyl chain
motion is more restricted in brush border membranes isolated
from rat or human renal cortex than in basolateral membranes
isolated from those tissues (1, 2). Similar studies in the dog kidney
have shown that the microviscosity of the brush border mem-
brane is approximately twice that of the basolateral membrane
(3). Differences seen in intact membranes in these studies were

evident in liposomes prepared from lipid extracts, which suggests
that the lipid composition played a dominant role in these ob-
servations. Compositional factors that are known to play a major
role in the determination of natural membrane order have been
reviewed (4) and studied in the rat kidney (1). Of potential im-
portance in determining the differences between rat renal mem-
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branes are a greater phosphatidylcholine (PC)'/sphingomyelin
(SPH) ratio in the basolateral membrane and differences in
phospholipid fatty acyl chains. The purpose of this study was to
examine the relative importance of phospholipid fatty acyl chain
length, acyl chain unsaturation, and the PC/SPH ratio in the
complex lipid mixture of the rat renal brush border membrane.

Methods

Membrane preparation. Weused male Sprague-Dawley rats weighing
225-310 g for all studies. Animals were housed in an animal care facility
and allowed free access to food and water. Rats were decapitated and
their kidneys rapidly harvested and placed in iced 0.145 MNaCI. The
capsules were removed and the cortex was dissected on a glass plate in
an ice bath. Cortices were minced with a razor and homogenized with
20 strokes of a motor-driven Dounce homogenizer using Teflon pestles.
The homogenization solution contained 200 mMmannitol, 50 mMTris,
and 80 mMHepes (pH 7.5). Magnesium sulfate was added to a concen-
tration of 10 mM. Brush border membranes were isolated by standard
techniques (5-7). Basolateral membranes were prepared by the method
of Sacktor et. al. (8); cortical tissue was homogenized in 250 mMsucrose
and 10 mMTris (pH 7.6). The purities of these membranes were deter-
mined by enzyme markers and were similar to values previously reported
from this laboratory (1, 9).

In studies in which sphingomyelin degradation was carried out, brush
border membrane vesicles were centrifuged at 23,000 g for 25 min at
20C and resuspended in 12 ml of buffer containing 210 mMmannitol,
10 mMMgCl2, and 50 mMTris/Hepes (pH 7.3). The suspensions were

kept on ice for 30 min and centrifuged as described. The vesicles were

resuspended in buffer at a concentration of 4-8 mg/ml.
Sphingomyelin degradation. Pure phospholipids were purchased from

Supelco, Inc., Bellefonte, PA. These lipids migrated as single iodine
staining spots using the two-dimensional thin layer chromatography sys-
tem described below. 1,000 nmol of SPH, PC, phosphatidylethanolamine
(PE), phosphatidylserine (PS), or phosphatidylinositol (PI) were trans-
ferred into 12-ml centrifuge tubes and the organic solvents evaporated
under N2. To solubilize the lipids, we added 250 yd of buffer containing
210 mMmannitol, 10 mMMgCI2, 50 mMTris/Hepes (pH 7.3) and 1%
sodium deoxycholate, and the tubes were vortexed. The tubes were

preincubated at 37°C for 10 min and sphingomyelinase (Bacillus cereus,
Boehringer Mannheim Diagnostics, Inc., Houston, TX) was added at a

concentration of 2 X 10' U/nmol phospholipid. After addition of the
enzyme, the tubes were again vortexed and incubated for 20 min at

37°C. Phospholipids were extracted by adding 5 ml of 2:1 chloroform/
methanol. The tubes were capped and allowed to set at 0°C for 1 h, after
which 1 ml of 0.04 MNaCl was added. The tubes were vortexed and
centrifuged at 5,000 g for 20 min. The upper aqueous-methanolic phase
and the protein interface were aspirated and the organic phase was de-
canted into clean tubes. The organic phase was evaporated to dryness
under N2. The residue was dissolved in 500 ,l of 2:1 chloroform/methanol
and 50 Ml was spotted on 500 micron silica gel layers containing 10%
magnesium acetate (Supelco, Inc.). Plates were developed in two di-
mensions. The first solvent system contained chloroform/methanol/

1. Abbreviations used in this paper: DPH, 1,6-diphenyl-1,3,5-hexatriene;
PC, phosphatidylcholine; PE, phosphatidylethanolamine; PI, phospha-
tidylinositol; PS, phosphatidylserine; SPH, sphingomyelin.
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NH40H(65:25:5, vol/vol), and the second contained chloroform/meth-
anol/H20 (65:25:4, vol/vol). Plates were developed under a nitrogen
atmosphere and dried between developments in a Plexiglas tank flushed
with dry nitrogen. Phospholipids were identified by exposure of the chro-
matograms to iodine vapors. The areas containing the phospholipids
were scraped into acid-washed test tubes and the phosphorus content
was determined. The recovery of authentic lipids from thin layer plates
has previously been described from this laboratory (1).

In studies in which brush border membrane sphingomyelin degra-
dation was examined as a function of time, brush border membranes
containing 1,200 nmol of SPH were suspended in 3 ml of buffer con-
taining 210 mMmannitol, 10 mMMgCl2, 50 mMTris/Hepes (pH 7.3)
and preincubated for 10 min at 370C. Sphingomyelinase (2 X 10-4 U/
nmol sphingomyelin) was added; the tubes were briefly vortexed and
incubated at 370C. At 10-min intervals, 250 Ml of the mixture was de-
canted; phospholipids were extracted in 5 ml of 2:1 chloroform/methanol
and isolated by the Folch technique (10). Phospholipid classes were sep-
arated and quantitated as described above.

Liposome preparation. Membrane vesicle suspensions were divided
into two portions. One portion was exposed to sphingomyelinase (3
X 10-4 U/nmol SPH) for 25 min at 37°C. Phospholipids were extracted
from both preparations using the Folch technique (10). The organic phase
was evaporated to dryness and the residue dissolved in 2:1 chloroform/
methanol so that the lipids associated with 1 mg of membrane protein
were in 50 ,l of solvent. Three distinct PC/SPH ratios were evaluated:
1.1, 1.6, and 2.4. The total phospholipid content of the liposomes was

kept constant and equivalent to brush border membrane liposomes. This
was accomplished by adding phosphatidylcholine at the PC/SPH ratios
of 1.1, 1.6, and 2.4 in amounts exactly equal to the reduction in sphin-
gomyelin at the respective ratios. The reduction in sphingomyelin and
the amount of PC added were dictated by the initial values of PC and
SPH in the membrane. In these studies, the brush border membrane
PC/SPH ratio averaged 0.7±0.1, n = 8. To determine the amounts of
extracts necessary to achieve the desired ratios, the following calculations
were performed: xPCO + yPC25 = PC,.,, where x is a fraction of the
extract prepared from membranes not exposed to enzyme, y is a fraction
of the extract derived from membranes exposed to sphingomyelinase for
25 min, PC0 is the PCcontent of the unexposed preparation, PC25 is the
PC content of the extract from membranes exposed to enzyme, and
PC1., is the PCcontent of the final extract that is contributed by natural
membrane phosphatidylcholine at the 1. 1 PC/SPH ratio. The fact that
the enzyme did not affect PCwas verified by triplicate phosphorus analysis
of the samples. Since PCO= PC25 and this equals PC,.,, this equation
can be reduced to the form x +y = 1 or y = 1 - x. A similar equation
can be described for sphingomyelin; that is, x SPHo+ y SPH25 = SPH1.1,
where x is a fraction of the extract from unexposed membranes and y
is a fraction of the extract prepared from membranes previously exposed
to enzyme. SPHois the SPHcontent of the unexposed preparation, and
SPH25 is the SPHcontent of the preparation exposed to enzyme. SPH,.I
is the sphingomyelin content in the final extract at the 1. 1 PC/SPH ratio.
SPHoand SPH25 were determined experimentally and SPH .I was derived
mathematically. Since two unknowns are identified, the two equations
can be solved simultaneously. Analogous equations were described for
the 1.6 and the 2.4 PC/SPH ratios for each sample. The final extract
volume was 50 Al. The portion of PC not contributed at the respective
ratios by natural membrane PCwas added to the organic extract in the
form of synthetic PC (Avanti Polar Lipids, Inc., Birmingham, AL) to
achieve the desired PC/SPH ratio. In some studies, PC isolated from
bovine liver or egg was added. These were purchased from Avanti Polar
Lipids, Inc. and migrated as single iodine staining spots using the two-
dimensional thin layer chromatography system described above. To ex-
amine the role of PC isolated from the rat renal brush border membrane,
brush border membranes were extracted of their lipid content by the
method of Folch (10). The organic phase was evaporated to dryness
under N2 and the residue dissolved in 2:1 chloroform/methanol so that
the phospholipids associated with 1 mgof protein would be in 50 a] of
solvent. This amount was spotted on thin layer plates that were developed

in two dimensions as described. The PCspots from multiple plates were
scraped into a glass stoppered centrifuge tube and the phospholipids
were extracted by adding 7 ml of 2:1 chloroform/methanol, vortexing
vigorously, and centrifuging at 7,500 g for 15 min. The supernatant was
decanted into a clean glass stoppered tube and the silica gel was re-
extracted with 7 ml of solvent. The supernatants were combined and
evaporated to dryness under N2. The lipids were dissolved in 2:1 chlo-
roform/methanol. The purity of these lipids was examined by plating
150 nmol (phosphorus) of the extract on silica gel layers and developing
the plates in two dimensions using the solvent pair previously described
by this laboratory (1). After drying, the chromatograms were exposed to
iodine vapors for prolonged periods. The lipids in the extract migrated
as a single iodine staining spot coincident with authentic PC. To further
examine the purity of the product, 150 nmol (phosphorus) were plated
on silica gel Gplates and developed in two dimensions using the solvent
pair described by Rouser et al. (1 1). Again, the product migrated as a
single iodine staining spot coincident with PC. An identical procedure
was used to isolate SPHfrom rat renal brush border membranes. Purity
of this phospholipid was examined as described above and no contam-
inating lipids were found.

In some studies, extracts were prepared as described except that instead
of adding synthetic or natural phosphatidylcholine at the PC/SPH ratios
of 1.1, 1.6, or 2.4, SPHextracted from the rat renal brush border mem-
brane was added in quantities that would restore the PC/SPH ratio to
its original value.

Fluorescence polarization. The well studied fluorescence probe 1,6-
diphenyl- 1,3,5-hexatriene (DPH) was used in these studies to determine
membrane order because this probe partitions equally well between fluid
and gel-like phases (12, 13). To the final organic extract, sufficient DPH
in ethanolic stock was added so that the lipid/probe ratio would be at
least 500:1. The organic extracts were evaporated to dryness under N2
and residual solvents were removed by vacuum. The lipids were sus-
pended in 5 ml of 0.1 Mphosphate buffer (35 mMNaCl, 1 mMKCI,
pH 7.4). Liposomes were prepared by vortexing in the presence of glass
beads. The probe was excited at 360 nm and fluorescence intensities
were measured using an SLM-8000 (SLM Instruments, Urbana, IL) flu-
orescence spectrophotometer and a cut-off filter (3-144; Corning Glass
Works, Corning, NY). Light scattering was reduced to <1%of the total
signal by this filter. The cuvettes were stirred individually using a magnetic
bar, and temperature was controlled by a circulating water bath. A ther-
mocouple and a digital thermometer were used to monitor sample tem-
perature. The steady state fluorescence anisotropy was calculated as pre-
viously described (1). Recent evidence suggests that the steady state an-
isotropy reflects acyl chain packing or order rather than the more dynamic
property of probe rotation per se (14-16). Higher anisotropy values are
associated with more ordered membranes.2

Fatty acid analysis. Phospholipids were separated using thin layer
techniques. Gel containing -1 mol of PCor SPHderived from multiple
plates were combined and the lipids eluted as described above. The su-
pernatants were evaporated to dryness under nitrogen. The residues were
resuspended in 2 ml of 2:1 chloroform/methanol and n-pentadecanoic
acid was added as an internal standard. Fatty acid analysis was carried
out using a 5700A gas chromatograph (Hewlett-Packard Co., Palo Alto,
CA) as previously described (1).

Proteins were determined by the method of Lowry et al. (17). Lipid
phosphorus was determined by the method of Marinetti (18). Statistics
were performed using the unpaired student's t test or Tukey's multiple
comparison procedure where appropriate (19, 20).

2. Data using the technique of electron spin resonance and either spin-
labeled phosphatidylcholine in rat renal membranes (1) or spin-labeled
fatty acids in the renal membranes of dog and human kidney (2, 3)
indicate that order differs between brush border and basolateral mem-
branes. Similar data were obtained using fluorescence polarization tech-
niques and DPH. These findings are compatible with the notion that
steady state anisotropy reflects membrane order.
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Results

As indicated in Fig. 1, exposure of pure sphingomyelin to sphin-
gomyelinase resulted in a significant degradation of this phos-
pholipid. A small but significant reduction was seen also in
phosphatidylethanolamine when this phospholipid was exposed
to enzyme. This was attributed to small amounts of contami-
nating phospholipases as seen in previous studies (21). The deg-
radation of PE might be predicted since this can be a preferred
substrate for phospholipase (22, 23). No significant reduction
in PI, PS, or PCwas seen. Whenbrush border membranes were

exposed to sphingomyelinase (Fig. 2), a time-dependent reduc-
tion in sphingomyelin content was observed. As shown in the
figure, -70% of sphingomyelin was degraded. No further re-

duction in sphingomyelin content occurred despite increased
time of incubation or increased enzyme quantities (data not
shown). The fact that not all of the sphingomyelin was degraded
suggests that a portion of sphingomyelin is not localized to the
external bilayer leaflet or that some of the vesicles were inverted.
Because the majority of PE is thought to be localized to the
inner leaflet of the bilayer, it was of interest to see if it was

susceptible to enzyme attack (24). As is evident by the data in
Table I, no reduction in PE, PS, PI, or PC could be discerned
when brush border membranes were exposed to sphingomye-
linase. The data in Fig. 1 and Table I suggest that PE in these
membranes is inaccessible to the enzyme.

Sphingomyelinase degrades sphingomyelin to phosphocho-
line and ceramide. Phosphocholine migrates into the upper

aqueous-methanolic phase of the Folch extract. Ceramide, on

the other hand, might partition into the organic phase. To in-
vestigate if degradatory products alone might effect the steady
state anisotropy of DPH, we prepared liposomes for the 1.1, 1.6,
and 2.4 PC/SPH ratios, except sphingomyelin isolated from the
rat renal brush border membrane was added to the extracts in-
stead of PC. The quantities of sphingomyelin added were suf-
ficient to make the PC/SPH ratio identical to that of unperturbed
liposomes. Therefore, the PC/SPH ratio in these liposomes did
not differ from that of native brush border membrane liposomes
but any degradatory products would be equivalent to liposomes
prepared for the 1.1, 1.6, or 2.4 PC/SPH ratio. Anisotropy of
DPHin native brush border membranes averaged 0.205±0.001,
n = 8 (mean±SE). Anisotropy of DPHin liposomes preparation

phospholipids were individuallyexposed to sphingomyelinase (2
25 X 10-4 U/nmol) for 20 min at

= >1 *37°C. The reaction mixture
Oa ' 50 I contained 210 mMmannitol,

10 mMMgCl2, 50 mMTris/
cL75 Hepes (pH 7.3), and 1% so-

conP_ PS
__ _____ dium deoxycholate. Lipids

100

SP
PC . . . .

were extracted by the method
of Folch, chromatographed us-

ing two dimension thin layer techniques, and quantitated by phospho-
rus analysis. Abbreviations: SPH, sphingomyelin; PC, phosphatidyl-
choline; PE, phosphatidylethanolamine; PI, phosphatidylinositol; PS,
phosphatidylserine. Four separate preparations were studied. Data are

expressed as means±SE. A significant reduction in both sphingomye-
lin (P < 0.004) and phosphatidylethanolamine (P < 0.03) were evi-
dent.

o i Figure 2. Rat renal brush
border membranes contain-

25 ing 1,200 nmol of sphingo-
>, OS s +myelin were incubated in 3
.' 50 ml ofbuffer containing 210
C). mMmannitol, 10 mM

XS 75 - MgC12, 50 mMTris/Hepes
(pH 7.3), and sphingomy-

100 0 10 20 30 40 50 6 elinase (2 X IO-' U/nmol
Minutes sphingomyelin) at 370C. At

10-min intervals, a 250-Mil
portion was removed and the phospholipids were extracted and quan-
titated. Three separate membrane preparations were studied. Data are
expressed as means±SE.

for the 1.1 PC/SPH ratio but reconstituted with sphingomyelin
to the original PC/SPH ratio averaged 0.205±0.002, n = 4. Those
reconstituted from the 1.6 ratio averaged 0.201±0.001, n = 4,
while those reconstituted from the 2.4 ratio averaged
0.198±0.002, n = 4.

As shown in Table II, when brush border membrane lipo-
somes were reconstituted with fully saturated PCs of chain length
16 to 22, there were no differences in anisotropy between groups
at defined PC/SPH ratios. The fact that values were greater than
control liposomes and liposomes reconstituted with sphingo-
myelin suggests that saturated PCs have a rigidifying effect. To
examine whether differences in chain length could be discerned
in liposomes containing unsaturated fatty acids, we examined
PCs containing fatty acids with one double bond (Table III).
The double bond of dimyristoleoyl and dioleoyl PC is at carbon
9. Despite concentration-dependent decrements in anisotropy,
no independent influence of chain length was evident at any of
the PC/SPH ratios examined.

The role of unsaturation in membrane order was examined
by reconstituting liposome with PCs containing unsaturated fatty
acids. As can be seen by the data in Table III, reconstitution
with PCs containing unsaturated fatty acids caused a concen-
tration-dependent decrement in the steady state anisotropy at
37°C over the range of PC/SPH ratios examined. These findings
indicate that the presence of fatty acids with unsaturated bonds
decrease order. No differences were apparent, however, between

Table I. Phospholipid Composition of Rat Cortical Brush
Border Membranes Exposed to Sphingomyelinase

Minutes PC PE PS PI

0 98.2±6.8 108.4±7.6 56.9±4.1 14.5±1.4
25 94.8±5.6 112.2±8.1 59.3±4.2 13.4±2.0

Intact brush border membranes were exposed to sphingomyelinase
(3 X 10-4 U/nmol sphingomyelin) for 0 or 25 min. Phospholipids
were extracted from these membranes and the major classes were sep-
arated using two-dimensional thin layer chromatography; phospholip-
ids were quantitated by phosphorus analysis. Data are expressed as
nanomoles of lipid per milligram protein±SE. Abbreviations: PC,
phosphatidylcholine; PE, phosphatidylethanolamine; PS, phosphatid-
ylserine; PI, phosphatidylinositol. Differences between individual
phospholipid classes were not evident when the 0- and 25-min time
points were compared. Six separate membrane preparations were
studied.
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Table I. Steady State Fluorescence Anisotropy
of DPHin Brush Border Membrane Liposomes
Containing Fully Saturated Phosphatidylcholines

PC/SPH ratio

PC 1.1 1.6 2.4

Dipalmitoyl 16:0 0.215±0.001 0.218±0.001 0.215±0.001
Distearoyl 18:0 0.215±0.001 0.216±0.004 0.220±0.002
Diarachidoyl 20:0 0.215±0.002 0.219±0.001 0.220±0.002
Dibehenoyl 22:0 0.213±0.001 0.213±0.003 0.212±0.003

Studies were performed at 37°C. The number before the colon de-
notes the acyl chain length; the number after the colon indicates the
number of unsaturated bonds. Four separate sets of liposomes were
analyzed at each ratio. Values for each experiment are the means of
triplicate determinations. Data are expressed as means±SE. Differ-
ences between groups were not apparent at defined PC/SPH ratios.

liposomes containing dioleoyl, dilinoleoyl, dilinolenoyl, or diar-
chidonoyl PC, which suggests that the number of unsaturated
bonds has little effect.

Natural membranes contain phospholipids that are a com-
bination of saturated and unsaturated fatty acids (25, 26). Li-
posomes were reconstituted to defined PC/SPH ratios using
phosphatidylcholines from natural sources. As can be seen by
the data in Table IV, the addition of natural PCs showed a pattern
similar to that of unsaturated PCs, that is, a progressive decrease
in anisotropy as the PC/SPH ratio is increased. Furthermore,
the natural membranes PCs were similar to one another.

Since one of the major compositional differences between
brush border and basolateral membranes is the PC/SPH ratio,
it was of interest to examine the PC/SPH ratio at 1.6 since this
approximates the basolateral membrane (1). Anisotropy of DPH
in basolateral membrane liposomes averaged 0.179±0.007, n
= 4, while liposomes reconstituted to the 1.6 PC/SPH with brush
border membranes PCaveraged 0.188±0.003, n = 4 (Table IV).

Table III. Steady State Fluorescence Anisotropy
of DPHin Brush Border Membrane Liposomes Containing
Progressively Unsaturated Phosphatidylcholines

PC/SPH ratio

PC 1.1 1.6 2.4

Distearoyl 18:0 0.215+0.001* 0.216±0.004* 0.220±0.002*
Dimyristoleoyl 14:1 0.203±0.002t 0.193±0.002 0.185+0.003
Dioleoyl 18:1 0.197±0.002t 0.193+0.002 0.186+0.002
Dilinoleoyl 18:2 0.194+0.003$ 0.189+0.003 0.180±0.003
Dilinolenoyl 18:3 0.195±0.002t 0.189±0.002 0.179+0.002
Diarachidonoyl 20:4 0.195±0.001t 0.187±0.002 0.179+0.003

Studies were done at 37°C. The number before the colon denotes the acyl chain
length; the number after the colon indicates the number of unsaturated bonds.
Four separate sets of liposomes were analyzed at each PC/SPH ratio. Values for
each experiment are the means of triplicate determinations. Data are expressed
as means±SE. The data for distearoyl PCare reproduced from Table II for com-
parison.
* P . 0.01 when compared with individual unsaturated PC's at the indicated
ratios.
t P . 0.01 when compared with values at the 2.4 PC/SPH ratio.

Table IV. Steady State Fluorescence Anisotropy of DPH
in Brush Border Membrane Liposomes Containing
Mixed-acid Phosphatidykcholines from Natural Sources

PC/SPH ratio

PC 1.1 1.6 2.4

Distearoyl 0.215±0.001* 0.216±0.004* 0.220±0.002*
Egg 0.198±0.001* 0.190±0.001 0.184±0.001
Bovine liver 0.198±0.001f 0.188±0.003 0.184±0.002
BBM 0.194±0.003t 0.188±0.003 0.179±0.002

Studies were done at 370C. Four separate sets of liposomes were ana-
lyzed at each point. Values for each experiment are the means of trip-
licate determinations. Data are expressed as means±SE. The data for
distearoyl PC are reproduced from Table II for comparison.
* P < 0.01 when compared with individual mixed-acid PC's at the in-
dicated ratios.
* P . 0.01 when compared with values at the 2.4 PC/SPH ratio.

To determine the degree of unsaturation of PC and SPH,
we isolated these lipids from both the brush border and the ba-
solateral membrane by thin layer techniques, and we determined
fatty acid profiles by gas chromatography. As shown in Table
V, phosphatidylcholine contains greater mole percentages of the
unsaturated fatty acids oleic, linoleic, and arachidonic. Phos-
phatidylcholine also contains a greater mole percentage of pal-
mitic acid but no long-chain lignoceric acid was identified. Iden-
tical data were seen in both the brush border and the basolateral
membrane. The combined mole percentage of unsaturated fatty
acids in brush border PC averaged 40.6%±3. 1%, while that in

Table V. Phospholipid Fatty Acyl Chain Composition

Phosphatidylcholine Sphingomyelin

Fatty acid BBM BLM BBM BLM

Myristic 14:0 2.0±0.4 1.8±0.2 2.8±0.4 2.8±0.2
Palmitic 16:0 26.0±0.7t 25.1±0.7t 20.0±0.8 20.6±0.3
Stearic 18:0 29.1±1.5 28.3±1.8 31.9±2.1 34.9±0.6
Oleic, 18:1* 7.8±0.5§ 8.9±0.5§ 1.3±0.5 2.5±0.4
Linoleic 18:2

Arachidic 20:0 2.4±0.3 2.0±0.3 4.0±1.0 3.4±0.4
Arachidonic 20:4 32.8±1.91" 34.0±2.61" 24.6±2.5 27.2±0.7
Lignoceric 24:0 0t 0t 15.5±3.6 8.6±1.0

Data are expressed as mole percent±SE. Four separate experiments
were performed in each group. The number before the colon indicates
the acyl chain length; the number after the colon denotes the number
of unsaturated bonds.
* The data for oleic and linoleic acids are combined. Statistical com-
parisons of individual fatty acids are between phosphatidylcholine and
sphingomyelin within a defined membrane.
t P < 0.01.
§ P < 0.005.
11 P< 0.05.
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brush border SPHaveraged 25.9%±2.3% (n = 4, P < .0 1). Sim-
ilarly, the mole percentage of unsaturated fatty acids in PCiso-
lated from the basolateral membrane was 42.9%+2.9% while
that in sphingomyelin was 29.7%± 1.0% (n = 4, P < .01).

Discussion

Although the exact physiologic role of membrane physical prop-
erties has not been explicitly defined, a number of experimental
observations in prokaryotes and mammalian systems have in-
dicated that order has an important effect on the activity of
membrane bound proteins (27-29). The following factors,
mainly in artificial systems, have been identified as being major
determinants of the physical properties of membranes: the lipid
to protein ratio; the ratio of cholesterol to phospholipid; the
ratio of phosphatidylcholine to sphingomyelin; and the length
and degree of unsaturation of the fatty acyl chains. The relative
importance of these factors in natural membranes, in general,
and in brush border membranes of the kidney, in particular, are
unknown. The first aim of the present studies was to examine
the relative roles of acyl chain length and acyl chain unsaturation
in the determination of the physical properties of the rat renal
brush border membrane. In addition, these studies allowed some
insight into the influence of the PC/SPH ratio as a determinant
of membrane order. The second aim of the present investigations
was to determine the reasons for the differences in the physical
properties between the brush border membrane and the baso-
lateral membrane of the rat kidney.

The experimental approach used was to degrade brush border
membrane sphingomyelin with sphingomyelinase because of the
known specificity of this enzyme. Liposomes were reconstituted
to a constant cholesterol/phospholipid ratio by the addition of
phosphatidylcholines of known fatty acid composition. Thus, it
was possible to examine a range of PC/SPH ratios that encom-
passed values previously found in the basolateral membrane of
the rat kidney (1).

The products of sphingomyelin degradation are phospho-
choline and ceramide. The following lines of evidence would
indicate that ceramide did not affect the interpretation of the
results. The addition of exogenous ceramide (bovine brain; Su-
pelco, Inc.) in amounts predicted to be generated at the 2.4 PC/
SPHratio did not affect the anisotropy of DPH(data not shown).
Moreover, at any given PC/SPH ratio, the amount of ceramide
would be a constant and would not negate comparisons between
the groups. The other reaction product, phosphocholine, migrates
to the upper aqueous-methanolic phase of the Folch extract and,
thus, would not be expected to provide a source of interference
in these studies. Finally, reconstitution of liposomes with sphin-
gomyelin produced anisotropy values that were only slightly de-
creased from control.

In the first series of studies (Table II), we examined the effects
of added PCs containing fully saturated fatty acids of varying
chain lengths. The choice of chain lengths was chosen to reflect
those found in the brush border membrane of the rat kidney
(1). In comparison with liposomes reconstituted to the normal
PC/SPH ratio of 0.7, anisotropy was higher in each group. How-
ever, there were no differences between groups containing dif-
ferent acyl chains at defined PC/SPH ratios. To determine if
differences might be apparent if unsaturation were introduced

into the acyl chain, we studied PCs with one double bond at
carbon 9 (Table III). Although the influence of unsaturated fatty
acids was evident, there was no independent effect of chain
length. Taken together, these findings would indicate that the
length of the fatty acyl chain has little or no effect on the physical
properties of these membranes. In the second series of experi-
ments, we examined the influence of fatty acyl chain unsatu-
ration on bulk membrane order. The presence of an unsaturated
bond is believed to disrupt the packing of the acyl chains in
membranes by introducing a "kink" in the fatty acid. These
fatty acids occupy a greater partial specific volume and disorder
the packing array. In contrast to the influence of chain length,
the introduction of fatty acids with unsaturated bonds results in
a progressive decrease in anisotropy (decrease in order) as the
PC/SPH ratio is increased (Table III). By comparing the effect
on anisotropy of unsaturated PCs dioleoyl, dilinoleoyl, and di-
linolenoyl with that of the saturated PCdistearoyl, the indepen-
dent influence of unsaturation becomes apparent. Furthermore,
by comparing the individual groups at varying PC/SPH ratios,
the effect of the PC/SPH ratio is evident. Of particular interest
is that over the range examined, the presence of multiple un-
saturated bonds confers no further changes in membrane order.
This is compatible with previous studies in artificial systems
(30, 31).

The phospholipids of natural membranes, for the most part,
contain one saturated and one unsaturated fatty acid (25, 26).
It seemed reasonable, therefore, to examine the effects of natural
membrane PCs. As shown in Table IV, reconstitution with PCs
from egg, bovine liver, or PC purified from the rat renal brush
border membrane results in a progressive decrease in anisotropy
as the PC/SPH ratio is increased. The PC/SPH ratio of 1.6 was
of particular interest since this is the ratio of the basolateral
membrane of the rat kidney. The data indicate that the PC/SPH
ratio explains, in part, the differences in physical properties be-
tween brush border and basolateral membranes.

Taken together, these data predict that differences in fatty
acyl chain unsaturation might be important in determining the
differences in physical properties between phosphatidylcholine
and sphingomyelin. Studies by Lentz et al. (32) indicate that
acyl chain composition may, in fact, be the most important
determinant of the differences in physical properties between
these lipids. Studies in human kidney have indicated that sphin-
gomyelin contains less unsaturated fatty acids than does PC(33).
To examine this issue in renal membranes, we examined the
fatty acid profiles of PCand SPH in both the brush border and
the basolateral membrane. As shown in Table V, phosphati-
dylcholine contains greater mole percentages of the unsaturated
fatty acids oleic, linoleic, and arachidonic when compared with
sphingomyelin. The fatty acid profiles of phosphatidylcholine
were not different when the brush border and the basolateral
membranes were compared. Similar data was obtained for
sphingomyelin.

In summary, phospholipid fatty acyl chain unsaturation ex-
erts a powerful influence on renal membrane order. The phos-
phatidylcholine/sphingomyelin ratio is an important determi-
nant of membrane order, most likely, by virtue of the fatty acids
normally contained in these lipids. The phosphatidylcholine/
sphingomyelin ratio is an important determinant of the differ-
ences in physical properties between brush border and basolateral
membranes of the rat kidney.
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