
ABSTRACT: The effect of phospholipid acyl chain and choles-
terol composition on G protein–coupled signaling was studied in
native rod outer segment (ROS) disk and reconstituted membranes
by measuring several steps in the visual transduction pathway. The
cholesterol content of disk membranes was varied from 4 to 38
mol% cholesterol with methyl-β-cyclodextrin. The visual signal
transduction system [rhodopsin, G protein (Gt), and phosphodi-
esterase (PDE)] was reconstituted with membranes containing var-
ious levels of  phospholipid acyl chain unsaturation, with and
without cholesterol. ROS membranes from rats raised on n-3 fatty
acid–deficient and –adequate diets were also studied. The ability
of rhodopsin to form the active metarhodopsin II conformation
and bind Gt was diminished by a reduction in the level of DHA
(22:6n-3) acyl chains or an increase in membrane cholesterol.
DHA acyl chain containing phospholipids minimized the in-
hibitory effects of cholesterol on the rate of rhodopsin-Gt coupling.
The activity of PDE, which is a measure of the integrated signal re-
sponse, was reduced in membranes lacking or deficient in DHA
acyl chains. PDE activity in membranes containing docosapen-
taenoic acid (DPA, 22:5n-6) acyl chains, which replace DHA in
n-3 fatty acid deficiency, was 50% lower than in DHA-containing
membranes. Our results indicate that efficient and rapid propaga-
tion of G protein–coupled signaling is optimized by DHA phos-
pholipid acyl chains.
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Many of the functions associated with biological membranes,
e.g., signal transduction, ion movement, or energy conver-
sion, are carried out by membrane proteins. A wide range of
diseases, psychiatric disorders, and dietary conditions are
likely due to changes in membrane phospholipid composition
and cholesterol content (see Refs. 1 and 2 for recent reviews),
which in turn lead to altered protein function and subsequent

illness. Most biological membranes undergo constant remod-
eling and renewal, and their lipid composition is readily al-
tered by changes in the lipid precursor components made
available by diet and metabolism. Thus, diet and disease can
readily alter the lipid composition of membranes, although,
in general, only genetic mutations alter protein function di-
rectly. To understand how the function of biological mem-
branes is impaired or altered by changes in membrane lipid
composition, it is necessary to understand how membrane
lipids and proteins interact with each other and among them-
selves, so as to carry out a wide range of biological functions. 

One of the principal compositional variables of biological
membranes subject to dietary influence is the content of highly
polyunsaturated phospholipid acyl chains. A large body of re-
search demonstrates the need for high levels of polyunsaturated
fats, particularly n-3 polyunsaturates, for optimal infant devel-
opment and performance in later life (3–5). The conclusions
drawn from decades of research on nutrition strongly suggest
that specific, but unidentified, biochemical processes are opti-
mized by the presence of n-3 polyunsaturates and/or compro-
mised by their absence. The phospholipids of neuronal and reti-
nal cells are rich in highly unsaturated acyl chains, especially
those of DHA. Much previous work demonstrated that DHA-
containing phospholipids enhance the formation of the active
metarhodopsin II (MII) conformation of photoactivated
rhodopsin (6–8). In this report, we demonstrate that multiple as-
pects of G protein–coupled signal transduction require DHA
phospholipid acyl chains for optimal functional efficacy and that
this requirement for DHA phospholipid acyl chains is related to
the unique acyl chain packing properties imparted by DHA.

The G protein–coupled motif is a fundamental and wide-
spread mode of intracellular signaling; it includes the sensory
pathways for vision, olfaction, taste, touch, and a variety of neu-
rotransmitters, including dopamine, serotonin, γ-amino butyric
acid (GABA), and histamine (9). Each of these chemical and
physical agents acts upon a unique integral membrane receptor
protein, which is embedded in a lipid membrane. Many of the
membranes that contain significant amounts of G protein–cou-
pled signaling activity, such as neuronal and retinal tissues and
the olfactory bulb, contain high levels of the n-3 polyunsaturated
acyl chain derived from DHA (10,11). Dietary n-3 fatty acid
deficiency leads to the replacement of DHA phospholipid acyl
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chains with docosapentaenoic acid (DPA) acyl chains in these
membranes (12). The functional significance of DHA is demon-
strated by impaired visual response (13,14), learning deficits
(11,15), loss of odor discrimination (16), and reduced spatial
learning (17) associated with n-3 fatty acid deficiency. These
findings suggest that a high level of DHA in membrane phos-
pholipids is required for optimal function of a number of diverse
signaling pathways. A common feature of these pathways is the
central role of G protein–coupled signaling.

Receptors in the G protein–coupled superfamily are inte-
gral membrane proteins, consisting of seven transmembrane
helices and their respective connecting loops. The ligand-
binding site on the receptor is formed by transmembrane he-
lices and generally lies near the midpoint of the membrane;
hence, the conformational changes accompanying receptor
activation would be expected to have a dependence on the
physical properties of the membrane lipid bilayer. The G pro-
tein and effector proteins are generally peripheral proteins,
bound to the membrane by a combination of an isoprenoid
chain-lipid bilayer interaction (18,19) and electrostatic forces
(20). The interaction of the G protein with the receptor occurs
in the hydrophilic region of the protein, external to the mem-
brane bilayer (21,22). In this study, we asked whether the
composition and physical properties of the hydrophobic core
of the membrane might affect the interaction between the re-
ceptor and the G protein that occurs external to the membrane
bilayer.

After absorption of light by 11-cis retinal, rhodopsin exists
as an equilibrium mixture of an active conformation, MII, and
an inactive conformation, metarhodopsin I (MI) (see Ref. 23
for a review). Each MII activates several hundred transducin
(Gt) molecules, which then activate the effector enzyme, a
cGMP-specific phosphodiesterase (PDE). The activated PDE
catalyzes the hydrolysis of cGMP, triggering closure of cGMP-
gated Na+/Ca2+ channels in the plasma membrane, leading to
hyperpolarization of the rod outer segment (ROS) and the
visual response. In this study, we reconstituted rhodopsin, Gt,
and PDE into large, unilamellar vesicles containing varied levels
of unsaturated acyl chains and cholesterol. In addition, we
purified ROS disk membranes from rats raised on either an n-3
fatty acid-deficient or -adequate diet. Our results demonstrate
that the degree of unsaturation in the acyl chain and the level
of cholesterol in the membrane significantly affect MII forma-
tion, MII⋅Gt coupling efficiency and speed, and PDE activity.
Because the visual signaling system is the prototype member
in the superfamily of G protein–coupled signaling systems, our
findings regarding the effect of lipid composition and cholesterol
on receptor-G protein coupling may well serve as a general
demonstration of the modulation of cell signaling by changes
in membrane composition.

EXPERIMENTAL PROCEDURES

Sample preparation. Cholesterol and methyl-β-cyclodextrin
(MBCD) were purchased from Sigma Chemical (St. Louis,
MO). The cholesterol-MBCD complex was prepared by pre-

mixing cholesterol and MBCD as solids (weight ratio of 1:20)
followed by solubilization in degassed Tris basic salt (TBS)
buffer consisting of 10 mM Tris, 60 mM NaCl, 30 mM KCl,
and 50 µM diethylenetriamine pentaacetic acid (DTPA), pH
7.5. The solution was sealed in argon and shaken at room
temperature overnight. The final solution was filtered through
a 0.45-µm filter and assayed for final cholesterol concentra-
tion. The cholesterol CII assay kit was from Wako (Wako
Chemicals, Richmond, VA). The bicinchoninic acid and
Coomassie Plus protein assay kits were from Pierce (Pierce
Chemical, Rockford, IL). Bovine ROS were isolated from
frozen retinas (James and Wanda Lawson, Lincoln, NE) (24)
and intact rod disk membranes were isolated from ROS by
centrifugation on a ficol gradient (25). For reconstitution in
vesicles with defined lipid composition, rhodopsin was solu-
bilized in octylglucoside and purified on a concanavalin A
affinity column (26). Phospholipids were purchased from
Avanti Polar Lipids (Alabaster, AL) and their purity was as-
certained by HPLC. Large unilamellar vesicles containing
rhodopsin at a ratio of 1 rhodopsin to 100 phospholipids were
prepared using the rapid dilution technique (27). After dialy-
sis to remove detergent, all vesicle preparations were sus-
pended in pH 7.5 Tris basal salt (TBS) buffer consisting of 10
mM Tris, 60 mM NaCl, 30 mM KCl, and 50 mM DTPA. Gt
was prepared from ROS as a hypotonic extract (28) and
stored in pH 7.5 TBS buffer with 30% glycerol at –20°C for
no longer than 2 wk. All preparation of phospholipids was
carried out in an argon-filled glove box and in thoroughly de-
gassed buffers due to the susceptibility to oxidation of
polyunsaturated phospholipids. The phospholipid, choles-
terol, and rhodopsin content of each reconstituted vesicle
preparation was determined by independent phosphate (29),
cholesterol, and rhodopsin (27) assays, respectively.

Samples for equilibrium absorbance measurements and
PDE activity measurements were suspended in TBS buffer at
7.5 µM rhodopsin. Samples for fluorescence measurements
were made immediately before use by diluting a concentrated
vesicle or ROS disk membrane stock solution to 150 µM
phospholipid, and adding 0.5 µL of 1,6-diphenyl-1,3,5-hexa-
triene (DPH) in tetrahydrofuran to yield a final phospholipid
to DPH ratio of 300:1.

Cholesterol-depleted disk membranes were prepared by
incubating disk membranes with 10 mM MBCD in TBS
buffer, pH 7.5. Samples were incubated at room temperature
in the dark for 2 h on a shaker. Measurements of disk choles-
terol content at several time points indicated that 2 h was a
sufficient incubation time to reach equilibrium for cholesterol
exchange between disk membranes and MBCD (30). The
MBCD-treated disk membranes were then separated from
MBCD by centrifugation followed by two additional washes
in TBS buffer. The membrane pellet and MBCD-containing
supernatant were assayed for cholesterol, phospholipids (29),
and rhodopsin (27), and the mole fraction of cholesterol to
total phospholipids in disk membranes was determined. Cho-
lesterol-enriched disk membranes were prepared similarly,
except that disk membranes were incubated with cholesterol-

438 D.C. MITCHELL ET AL.

Lipids, Vol. 38, no. 4 (2003)



loaded MBCD (0–1.2 mM cholesterol in 10 mM MBCD).
The following mol% samples were used in this study: 4, 12,
15, and 38 mol%. The 15 mol% cholesterol sample comprised
native disk membranes without MBCD treatment.

Measurements. The MI-MII equilibrium in the absence and
presence of Gt was measured in isotonic buffer at pH 7.5 using
a series of equilibrium absorption spectra, as previously de-
scribed (31). The amount of additional MII formed in the pres-
ence of Gt is proportional to the amount of MII⋅Gt complex
formed; thus, MII⋅Gt binding constants were determined from
a series of measurements with varying ratios of rhodopsin to Gt.
The kinetics of both MII and MII⋅Gt formation were assessed
by measuring the transient absorption at 380 nm using a flash
photolysis system constructed in the laboratory. The kinetic data
were analyzed in terms of a microscopic photoreaction model,
as described previously (32).

PDE activity was assayed using a continuous pH method
(33) with minor modifications. Samples were preincubated
with the pH electrode in a thermoregulated 1-mL quartz cu-
vette and bleached by a light pulse that was attenuated with
neutral density filters to obtain the desired bleaching level of
rhodopsin. The bleaching flash was triggered after acquisi-
tion of a preflash baseline.

Fluorescence lifetime and differential polarization mea-
surements were performed with a K2 multifrequency cross-
correlation phase fluorometer (ISS, Urbana, IL) as previously
described (34). For lifetime measurements, 12 modulation
frequencies were used, logarithmically spaced from 5 to 200
MHz, and differential polarization measurements were made
at 15 modulation frequencies logarithmically spaced from 5
to 200 MHz. Both total intensity decay and differential polar-
ization measurements were repeated with each membrane
composition a minimum of three times. Measured polariza-
tion-dependent differential phases and modulation ratios for
each sample were combined with the measured total intensity
decay to yield the anisotropy decay, r(t). Anisotropy decays
of DPH were analyzed using the Brownian rotational diffu-
sion model (35). This model characterizes the anisotropy
decay of DPH in terms of the orientational distribution func-
tion, f(θ), and the diffusion coefficient for rotation about the
long axis of DPH. The orientational distribution function was
used to derive the membrane free volume parameter, fv, which
is proportional to the overlap of f(θ) with a random orienta-
tional distribution (35,36).

Analysis. All data analysis was performed with NONLIN
(37) with subroutines specifying the particular functions re-
quired for the different types of measurements written by the
authors. NONLIN uses the Gauss–Newton method to perform
nonlinear least-squares analysis while accounting for the SD
of the measurement associated with each independent data
point. Measurement SD was obtained from the noise in the
preflash signal, in the case of the kinetic absorption and PDE
activity measurements, or from the statistical analysis per-
formed by the acquisition software in the case of the equilib-
rium absorption measurements and all fluorescence measure-
ments. NONLIN returns the optimized parameter values as

well as asymmetric confidence intervals corresponding to 1
SD. The asymmetry of all parameter values was <15%; thus,
the high and low SD were averaged to obtain the reported val-
ues of 1 SD. All measurements were repeated 3–6 times and
each trial was analyzed independently. The results of separate
trials were averaged by weighting the results of each trial with
its associated SD. Statistical significance was assessed from
P-values resulting from Student’s t-test with two-tailed distri-
butions and two-sample unequal variance.

RESULTS

The effect of membrane cholesterol on both rhodopsin acti-
vation and acyl chain packing was investigated in ROS disk
membranes by using MBCD to vary the membrane choles-
terol content (30). An inverse correlation between the mem-
brane cholesterol content and the MI-MII equilibrium con-
stant (Keq) was observed at 37°C. In control disk membranes,
the cholesterol concentration was 15 mol% and Keq was 0.81
± 0.08 at 37°C. In disk membranes depleted of cholesterol to
a level of 4 mol%, Keq was 1.00 ± 0.10, whereas in mem-
branes enriched to 38 mol% cholesterol, Keq was reduced to
0.73 ± 0.11. Variation in the cholesterol content of disk mem-
branes also resulted in substantial changes in the motional and
orientational properties of the hydrophobic fluorescence
probe DPH. A series of studies demonstrated that the overall
orientational order of DPH in a phospholipid bilayer is well
summarized by the parameter fv, a measure of phospholipid
acyl chain packing free volume (35,38). At 37°C, reduction
of membrane cholesterol to 4 mol% increased fv by 45% rela-
tive to control disks, whereas enrichment of cholesterol to 38
mol% reduced fv by 30% relative to control disks. The values
of Keq and fv at 37°C produced by variation in membrane cho-
lesterol are linearly related, as shown in Figure 1. Previous
measurements show that Keq and fv are linearly related with
respect to changes in temperature and membrane cholesterol
content (39,40) for rhodopsin reconstituted with a number of
specific PC. The data summarized in Figure 1 demonstrate
that the positive correlation between bilayer free volume and
the formation of MII is a general property of the MII confor-
mation that is manifest in natural as well as synthetic mem-
branes.

The effects of DHA phospholipid acyl chains and choles-
terol on the early steps in G protein–coupled signaling were
addressed in a series of experiments utilizing purified
rhodopsin reconstituted into vesicles consisting of di22:6PC,
18:0,22:6PC, and 18:0,18:1PC with and without cholesterol
(41). In the absence of Gt, Keq followed the order di22:6PC >
18:0,22:6PC > 18:0,22:6PC + 30 mol% cholesterol > 18:0,
18:1PC > 18:0,18:1PC + 30 mol% cholesterol. This is consis-
tent with previous findings (8,40) that reduced acyl chain
polyunsaturation and the presence of cholesterol reduced the
amount of MII formation. Membrane lipid composition and
cholesterol also modulate the binding of MII to Gt (41). In-
creasing acyl chain unsaturation from 18:0,18:1PC to 18:0,
22:6PC resulted in a threefold enhancement in the MII ⋅Gt
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association constant, Ka. Further increase in unsaturation to
di22:6PC resulted in a reduction in Ka relative to 18:0,
22:6PC. Cholesterol reduced Ka in both monounsaturated
18:0,18:1PC and polyunsaturated 18:0,22:6PC. 

Combining the effects of membrane composition on recep-
tor activation and receptor-G protein binding affinity reveals the
net effect of membrane composition on the overall efficiency of
formation of the receptor-G protein complex. Efficiency in this
context refers to the fraction of rhodopsin molecules that absorb
a photon, designated Rh*, and succeed in binding Gt. Thus, ef-
ficiency is denoted by the ratio [MII⋅Gt]/[Rh*]. In the rod cell,
the ratio of rhodopsin to Gt is ~10:1 and only ~1 rhodopsin/
100,000 absorbs a photon and is activated (see Ref. 42 for a re-
view), with each rhodopsin activating several hundred Gt mole-
cules to produce a visual response. Thus, the differences in the
efficiency of receptor-G protein complex formation shown in
Figure 2 are significant. Approximately 90% of the rhodopsin
molecules that absorb a photon form a complex with Gt in 18:0,
22:6PC and di22:6PC vesicles, but only 60% succeed in bind-
ing Gt in 18:0,18:1PC vesicles. The presence of 30 mol% cho-
lesterol resulted in only ~60 and 30% of photoactivated
rhodopsin molecules forming a complex with Gt in 18:0,22:6PC
and 18:0,18:1PC, respectively.

The time course of the formation of both MII and the MII⋅G
complex after an activating flash was measured at physiologic
temperature for rhodopsin in membranes consisting of
18:0,22:6PC, and 18:0,18:1PC with and without 30 mol% cho-
lesterol (32). Complete analysis of the kinetic data acquired at
37°C showed that the time constants for MII, τ(MII), were in
the order 18:0,22:6PC < 18:0,22:6PC/30 mol% cholesterol <
18:0,18:1PC < 18:0,18:1/30 mol% cholesterol, with values of
0.55 ± 0.06, 0.68 ± 0.07, 1.13 ± 0.1, and 1.83 ± 0.11 ms, re-
spectively. Uncertainties are given as 1 SD, and all values of

τ(MII) were significantly different from each other, P < 0.03.
The time constant for MII⋅Gt complex formation, τ(MII⋅Gt),
varied in the same order as τ(MII). The ratio τ(MII ⋅
Gt)/τ(MII) is an informative quantity with respect to under-
standing how membrane composition may alter the diffusion-
dependent aspects of G protein–coupled signaling. Values of
this ratio slightly >1 indicate that the receptor-G protein com-
plex is formed nearly as rapidly as possible, whereas values
significantly >1 indicate that the activated receptor must wait
a period of time for a fruitful collision with G protein. Cho-
lesterol has very little effect on the diffusion-dependent ki-
netics of MII⋅Gt formation in a 18:0,22:6PC bilayer (Fig. 3).
This is consistent with a number of measurements that show
that cholesterol has its smallest effect on the properties of bi-
layers containing DHA acyl chains (43). In contrast, in an
18:0,18:1PC bilayer, cholesterol increases the time required
for MII formation by 50%, and quadruples the time required
for MII ⋅ Gt formation, resulting in a value of τ(MII ⋅
Gt)/τ(MII) of nearly 3. In 18:0,22:6PC at 37°C, MII forma-
tion occurs in 0.55 ms, and MII and MII⋅Gt complex forma-
tion are nearly coincident. Because MII cannot react with Gt
any more quickly than it is formed from MI, the rate of for-
mation of the MII⋅Gt complex in 18:0,22:6PC appears to be
maximal. In 18:0,22:6PC, the rate of MII⋅Gt complex forma-
tion, which is limited by lateral diffusion, is altered only
slightly by the presence of 30 mol% cholesterol, further sug-
gesting that 18:0,22:6PC has the optimal acyl chain composi-
tion for rapid formation of receptor-G protein complex among
the PC examined in this study. 

It is informative to assess directly the integrated response
of the G protein–coupled signaling pathway by measuring the
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FIG. 1.  Linear correlation of the metarhodopsin I (MI)-metarhodopsin II
(MII) equilibrium constant, Keq, and the phospholipid acyl chain pack-
ing free volume parameter, fv, from bovine rod outer segment (ROS) disk
samples with varying cholesterol concentrations at 37°C. The unfilled
circle is the control disk at 15 mol% cholesterol, which received no
methyl-β-cyclodextrin (MBCD) treatment. From left to right, the mem-
brane cholesterol concentrations are 38, 30, 15, 12, and 4 mol% (see
Fig. 6 in Ref. 30).
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FIG. 2.  Effect of 22:6 acyl chains and cholesterol on the efficiency of
receptor-G protein coupling. The ratio [MII ⋅Gt]/[Rh*] is the fraction of
photoactivated rhodopsin that binds transducin (Gt) and thereby partici-
pates in signal transduction. Cross-hatched bars correspond to bilayers
that include 30 mol% cholesterol. Value for 18:0,18:1PC/30 mol% cho-
lesterol is significantly different from all others with P < 0.01, and values
for both 18:0,22:6PC/30 mol% cholesterol and 18:0,18:1PC are signifi-
cantly different from both di22:6PC and 18:0,22:6PC, P < 0.005 (see
Fig. 5 in Ref. 41). Rh*, fraction of rhodopsin molecules that absorb a
photon; for other abbreviation see Figure 1.



activity of the PDE. In visual signal transduction, PDE activ-
ity is highly amplified relative to the initial stimulus and
would be expected to be sensitive to any alteration in func-
tional efficiency of the receptor and/or G protein. For this rea-
son, we examined PDE activity in large unilamellar vesicles
containing rhodopsin, Gt, and PDE reconstituted in three dif-
ferent PC with small but significant variations in the compo-
sition of the polyunsaturated sn-2 acyl chain. The three PC all
had an 18:0 acyl chain at the sn-1 position and DHA, DPA, or
22:5n-3 acyl chains at the sn-2 position. At a light stimulus
level of 1 bleached rhodopsin/20,000 rhodopsins, the PDE ac-
tivity in the two n-3-containing membranes was twice as high
as in the DPA membrane, as shown in Figure 4. 

DISCUSSION

The results presented here demonstrate that membrane lipid
composition modulates several steps in G protein–coupled
signal transduction. Increased membrane cholesterol and
phospholipid acyl chain saturation both have inhibitory ef-
fects on this important form of signal transduction. These two
compositional variables appear to modulate membrane pro-
tein function via the same physical mechanism, that is, by in-
creasing phospholipid acyl chain packing order. Cholesterol-
induced changes in the level of activated rhodopsin, MII, as
measured by Keq, and acyl chain packing, as measured by fv,
are linearly related over the entire range of cholesterol con-
centrations examined (Fig. 1). A linear correlation between
changes in Keq and fv induced by changes in bilayer choles-

terol was observed previously in studies of rhodopsin recon-
stituted in phospholipid membranes (39,40). In addition, tem-
perature-induced changes in Keq and fv are linearly related for
rhodopsin in ROS disk membranes and in reconstituted phos-
pholipid vesicles (40,44). It is significant that the correlation
shown in Figure 1 was obtained for measurements at 37°C,
demonstrating that cholesterol causes correlated changes in
acyl chain packing and rhodopsin activation at physiologic
temperature. The MI to MII transition is accompanied by a
100 mL/mol volume expansion (45); thus, a reduction of
membrane free volume would impose an energy barrier that
would reduce the equilibrium concentration of MII. Keq and
fv are linearly correlated over the entire range of membrane
cholesterol concentration examined, and cholesterol had no
observable structural perturbation on rhodopsin, leading us to
conclude that cholesterol inhibits rhodopsin activation via an
indirect effect of cholesterol on phospholipid acyl chain pack-
ing, i.e., by a free volume-mediated mechanism.

Previous studies showed that both decreased phospholipid
acyl chain unsaturation and increased cholesterol concentra-
tion reduce the formation of MII via a mechanism linked to
the specific packing properties of polyunsaturated acyl
chains, DHA in particular, and the effect of cholesterol on
these packing properties (40,41,44). The results presented
here demonstrate that the functional ramifications of DHA
acyl chains extend beyond the unimolecular transition from
MI to MII to the rapid and efficient coupling of receptor and
G protein, as well as the functional efficacy of the integrated
signaling pathway as shown by the PDE effector enzyme ac-
tivity. Current evidence indicates that Gt interacts with the
three hydrophilic loops on the surface of rhodopsin, which
means that the protein–protein interaction surfaces are external
to the bilayer (46). The sensitivity of the MII ⋅Gt binding
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FIG. 3.  Summary of the effects of phospholipid acyl chain composition
and bilayer cholesterol content on the ratio of the time constants for MII
and MII ⋅Gt complex formation at 37°C. The processes that lead to for-
mation of both the MII conformational state and the MII ⋅ Gt complex
consist of multiple kinetic steps (32). The average time constants were
used in the formulation presented here to facilitate comparison between
the different membrane compositions of the overall time course of sig-
nal transduction. The value for 18:0,18:1/30 mol% cholesterol is signif-
icantly different from the other three values, P < 0.001 (recalculated
from data in Fig. 5 of Ref. 32). For abbreviations see Figures 1 and 2.
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FIG. 4.  Comparison of activities of the effector enzyme, phosphodi-
esterase (PDE), for rhodopsin, Gt, and PDE reconstituted in three mem-
branes containing PC with a 22-carbon, polyunsaturated sn-2 acyl chain.
The light intensity for this comparison was sufficient to bleach one
rhodopsin per 20,000 rhodopsins, which is within the range of stimulus
conditions associated with normal rod cell vision. 18:0,22:6n-3PC and
18:0,22:5n-3PC did not differ, but 18:0,22:5n-6 was significantly differ-
ent from both of them, P < 0.005. For other abbreviation see Figure 2.



interaction to membrane composition (Figs. 2 and 3) demon-
strates that protein–protein interactions, which occur on the
hydrophilic surfaces of membrane proteins, are also affected
by changes in membrane composition in the hydrophobic
core of the membrane. This finding suggests for the first time
that the protein–protein interactions, which occur on the hy-
drophilic surface of proteins, external to the membrane phos-
pholipid bilayer, and are required in many signaling path-
ways, may be modulated by changes in the composition of
the lipid hydrophobic core of the membrane.

The alterations in receptor conformation change, receptor-G
protein binding strength and rate of receptor-G protein complex
formation summarized in Figures 1–3 likely underlie the
changes in PDE activity shown in Figure 4. This might reason-
ably be expected because the events measured in Figures 1–3
precede PDE activation in the G protein–mediated signaling
cascade. The dependence of PDE activity on the presence of a
polyunsaturated n-3 acyl chain at the sn-2 position (Fig. 4)
clearly demonstrates that G protein–coupled signaling is exquis-
itely sensitive to phospholipid acyl chain unsaturation and dou-
ble bond position. The reduced activity of PDE in 18:0,22:5n-6
PC compared with 18:0,22:6n-3 PC is a quantitative measure of
the functional inequivalence of these two polyunsaturated phos-
pholipid acyl chains. This comparison is crucial to our under-
standing of the biochemical basis for the effects of dietary n-3
fatty acid deficiency because such deficiency generally leads to
the replacement of DHA with DPA (3).

To determine the effects of changes in membrane composi-
tion resulting from in vivo processes, we examined MII forma-
tion and PDE activity in ROS disk membranes purified from
Long-Evans rats fed diets that were either adequate or deficient
in n-3 fatty acids (Niu, S.-L., Mitchell, D.C., Lim, S.-Y., Wen,
Z.-M., Kim, H.-Y., Salem, N., Jr., and Litman, B.J., unpublished
data). The MI-MII equilibrium constant was ~15% higher in the
membranes from the n-3 fatty acid–adequate rats, but the differ-
ence was not significant. However, the membranes from the ad-
equate rats produced a level of PDE activity that was nearly
fivefold higher than in membranes from the n-3 fatty acid–defi-
cient rats, and the difference was significant (P < 0.001, paired
t-test). A detailed analysis of the phospholipid species present
in these two ROS disk membranes is underway, but a prelimi-
nary fatty acid analysis shows that ~80% of the DHA in the
ROS disk membranes of the n-3 fatty acid–adequate rats was
replaced with DPA in the n-3 fatty acid–deficient rats. The
changes in MII formation and PDE activity in ROS obtained
from rats raised on n-3 fatty acid–adequate or –deficient diets
are essentially identical to the results obtained with reconsti-
tuted vesicle systems and isolated bovine ROS disk membranes.
Together, these results form a body of information that provides
an understanding at the molecular level of the changes in elec-
troretinogram (ERG) associated with dietary n-3 fatty acid defi-
ciency in animals and nonhuman primates.

The results presented here suggest that the delays and re-
duced amplitude in ERG responses observed in dietary n-3
deficiency (14,47–49) are due at least in part to reduced MII⋅
Gt coupling efficiency and slower rate of MII⋅Gt formation

when DHA phospholipid acyl chains are replaced by DPA.
Biochemical analysis shows that the rates of Gt activation and
PDE catalytic subunit activation are approximately equal
(50). Assuming that the rates of Gt binding and Gt activation
are similar, this means that a reduction in the rate of MII⋅Gt
complex formation by 10% will delay the rod cell photo-
response by 5%, as calculated according to the model of
Leskov et al. (50). The results presented here indicate that the
effects of membrane composition on the rate and efficiency
of receptor-G protein coupling, via lateral diffusion, and
changes in the rate of MII formation would be sufficient to
account for the delays in photoreceptor activity observed in
dietary n-3 deficiency (14,47,48). Because of the similar sig-
naling motif in other G protein–coupled signaling systems,
the findings presented here should be generally applicable to
other members in the G protein–coupled family, providing a
molecular mechanism for the observed loss in cognitive skills
(11), and odor (16) and spatial discrimination (17) observed
in n-3 fatty acid deficiency.
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