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ABSTRACT: The consumption of trans fatty acid (TFA) is linked to the elevation of LDL cholesterol and
is considered to be a major health risk factor for coronary heart disease. Despite several decades of extensive
research on this subject, the underlying mechanism of how TFA modulates serum cholesterol levels remains
elusive. In this study, we examined the molecular interaction of TFA-derived phospholipid with cholesterol
and the membrane receptor rhodopsin in model membranes. Rhodopsin is a prototypical member of the
G-protein coupled receptor family. It has a well-characterized structure and function and serves as a model
membrane receptor in this study. Phospholipid-cholesterol affinity was quantified by measuring cholesterol
partition coefficients. Phospholipid-receptor interactions were probed by measuring the level of rhodopsin
activation. Our study shows that phospholipid derived from TFA had a higher membrane cholesterol
affinity than their cis analogues. TFA phospholipid membranes also exhibited a higher acyl chain packing
order, which was indicated by the lower acyl chain packing free volume as determined by DPH fluorescence
and the higher transition temperature for rhodopsin thermal denaturation. The level of rhodopsin activation
was diminished in TFA phospholipids. Since membrane cholesterol level and membrane receptors are
involved in the regulation of cholesterol homeostasis, the combination of higher cholesterol content and
reduced receptor activation associated with the presence of TFA-phospholipid could be factors contributing
to the elevation of LDL cholesterol.

Trans fatty acid (TFA),1 the stereoisomer of the naturally
occurring cis fatty acid (CFA), is considered to be a major
health risk factor for coronary heart disease. TFA and CFA
are stereoisomers that only differ in the geometry of the
CdC double bond. TFA adopts a more linear configuration
similar to that of saturated fatty acid, while CFA adopts a
bent configuration (illustrated in Figure 1). The linear
configuration of TFA allows stronger intermolecular chain-
chain interaction, resulting in a higher transition temperature
for TFA chain melting (1). TFA is mainly produced by partial
hydrogenation of unsaturated oils and is widely found in a
variety of foods, including margarines, vegetable shortening,
frying oils, etc. (2). The average American consumes more
than 5 g of TFAdaily, which is equivalent to∼7% of total
fat consumption (3). It is widely documented that TFA is
incorporated in serum lipids, lipoproteins, and adipose tissues
in the form of triglyceride, phospholipids, and cholesterol

esters (4-10), although the efficiency of incorporation varied
among different tissues or lipid forms. The dietary intake of
TFA is associated with the elevation of LDL cholesterol
(11-15) and increased risk for coronary heart disease (16-
18). However, the cause for LDL cholesterol elevation by
TFA, or in a more general scope, the cause for LDL
cholesterol regulation by fatty acid, is not well-understood.
In the past several decades, extensive studies have been
conducted on how different fatty acid intake affects the
pathways of cholesterol adsorption (19), cholesterol metabo-
lism (20), and cholesterol biosynthesis (21). However, no
conclusive mechanism has been determined yet.
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1 Abbreviations: CD, methyl-â-cyclodextrin; CFA, cis fatty acid;
di-18:1n9(c)PC, 1,2-dioleoyl-sn-glycero-3-phosphocholine; di-18:1n9-
(t)PC, 1,2-dielaidoyl-sn-glycero-3-phosphocholine; DHA, docosa-
hexaenoic acid; DSC, differential scanning calorimetry; KCD

LUV,
cholesterol partition coefficient between CD and lipid bilayers;Kcis

trans,
cholesterol partition coefficient between lipid bilayers consisting of
trans- andcis-phospholipids;Keq, equilibrium constant for metarhodop-
sin I (MI) and metarhodopsin II (MII) equilibrium; LUV, large
unilamellar vesicles; SCAP, SREBP cleavage activating protein;
SREBP, sterol regulatory element binding proteins; TFA, trans fatty
acid; Tm, phase transition temperature.

FIGURE 1: Chemical structures of trans and cis fatty acids. Modeling
of elaidic acid or 9-trans-octadecenoic acid (top) and oleic acid or
9-cis-octadecenoic (bottom). The trans isomer adopts a linear
configuration, while the cis isomer is in a bent configuration.
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Previous studies show that membrane cholesterol concen-
tration (22, 23) or activity (24) is modulated by membrane
phospholipid composition due to the differential interactions
of phospholipids with cholesterol (25-29). The composition
of membrane phospholipids also influences the physical
properties and function of membrane proteins (30, 31).
However, it is not known whether the presence of TFA-
derived phospholipids in membranes, resulting from the
dietary intake of TFA, affects the membrane affinity for
cholesterol and membrane protein function. In this study,
the molecular interactions of TFA- and CFA-containing
phospholipids with cholesterol and their effect on membrane
receptor activation were investigated in model membranes.
The interactions of TFA- and CFA-phospholipids with
cholesterol were quantified using equilibrium cholesterol
partition coefficients, while the effect of these phospholipids
on membrane receptor stability was characterized using
differential scanning calorimetry in reconstituted rhodopsin-
containing vesicles, consisting of TFA- or CFA-phospho-
lipids. Membrane receptor function was measured by the
level of rhodopsin activation in these reconstituted vesicles.
Since rhodopsin is a prototypical member of the G protein
coupled receptor (GPCR) family with well-characterized
structure and function (32), conclusions drawn from our study
of rhodopsin may be generalized to other membrane receptors
in this family, as well as other integral membrane receptors.

Our study found that TFA-phospholipids had a higher
cholesterol affinity, resulting in a higher level of cholesterol
incorporated in these membranes relative to that in the CFA-
phospholipid membrane. TFA-phospholipids also ordered
membrane acyl chain packing, which is reflected by the
reduced membrane acyl chain packing free volume and the
higher transition temperature for the thermal unfolding of
rhodopsin. The increase in acyl chain packing order is
associated with a reduced level of rhodopsin activation,
consistent with a previously established link between mem-
brane free volume and rhodopsin activation (30).

EXPERIMENTAL PROCEDURES

Sample Preparation.Phospholipids were purchased from
Avanti Polar Lipids (Alabaster, AL); cholesterol and methyl-
â-cyclodextrin (CD) were from Sigma (St. Louis, MO); and
the cholesterol-CD complex was freshly prepared as
described earlier (23). The cholesterol CII assay kit was from
Wako (Wako Chemicals USA, Inc., Richmond, VA). Unless
otherwise stated, all samples were in pH 7.0 PBS buffer,
which contained 10 mM PIPES, 30 mM NaCl, 60 mM KCl,
and 50µM DTPA. Phospholipids were lyophilized under
vacuum and hydrated in PBS buffer, which spontaneously
formed multilamellar vesicles. The multilamellar vesicles
were forced through double layers of 0.1µm polycarbonate
filters 11 times, which yielded unilamellar (LUV) vesicles
with an average diameter of 100 nm (23). The photoreceptor
rhodopsin was purified on a Concanavilin-A affinity column
(33) from rod outer segments (ROS), which were isolated
from frozen bovine retinas (James and Wanda Lawson,
Lincoln, NE) (34). Reconstituted rhodopsin-containing lipid
vesicles were prepared using the rapid dilution technique
(35). A molar ratio of 100 lipids per protein was maintained
for all protein-containing vesicles. Each vesicle preparation
was assayed for phospholipid (36) and rhodopsin (37). The

variation of lipid-to-protein ratio among different preparations
was normally less than 5%. Since rhodopsin is light sensitive,
all sample preparations and measurements were carried out
in the dark with the aid of night vision goggles.

Phospholipid-Cholesterol Affinity Determination.Phos-
pholipid-cholesterol affinities were quantified by the equi-
librium cholesterol partition coefficients, using a recently
developed method (23). Briefly, LUV consisting of the
TFA-phospholipid or the CFA-phospholipid were incu-
bated with the cholesterol-CD complex, which serve as the
cholesterol donor. Spontaneous cholesterol transfer from CD
to lipid vesicle occurred until the establishment of an
equilibrium, which takes place in less than an hour. The
cholesterol donor CD was then separated from the cholesterol
acceptor LUV by membrane filtration based on their size
differences. The equilibrium concentrations of cholesterol
in CD and LUV were determined using a Cholesterol CII
kit, and the equilibrium cholesterol partition coefficient
KCD

LUV was determined accordingly. The relative cholesterol
partition between TFA-phospholipid vesicles andcis-
phospholipid was calculated asKcis

trans) KCD
trans/KCD

cis. All
measurements were carried out at 37°C in PBS buffer, pH
7.0 and repeated for a minimum of three trials.

Differential Scanning Calorimetry (DSC) Measurements.
DSC measurements were conducted in a Nano-Scan II
calorimeter (Calorimetry Sciences Co., Provo, UT) equipped
with capillary sample compartments. Rhodopsin containing
vesicles at a concentration of 0.5 mg/mL rhodopsin in pH
7.0 PBS buffer were degassed and loaded into sample cell
in complete dark. The cell was sealed under a stream of argon
and pressurized to 2.8 atm. A total of four scans (two heating
scans and two cooling scans) at a scan rate of 0.25°C/min
from 0 to 80°C was collected for each sample. Each sample
was repeated twice for DSC measurement. Reference scans
using PBS buffer were conducted under identical conditions
and were subtracted from sample scans. The data were
exported and analyzed using Origin 7.0 (OriginLab Corp.,
Northampton, MA).

Time-ResolVed Fluorescence Measurements.The acyl
chain packing property of membranes consisting of TFA-
phospholipid or CFA-phospholipid was determined using
time-resolved anisotropy decay of the fluorescent probe DPH
(38, 39). Briefly, DPH was added into membranes at the
lipid-to-probe ratio of 500:1 in PBS buffer. DPH lifetime
and differential polarization data were collected at 37°C in
an ISS K2 multifrequency cross-correlation phase fluorom-
eter (ISS, Urbana, IL). The time-resolved anisotropy decay
was analyzed using the sum-of-exponential and the BRD
model. The parameter,fv’, which is defined asfv’ ) (2
f(θ)max)-1, was used to quantify the extent to which the
equilibrium orientational freedom of DPH is restricted by
the phospholipid acyl chains (38, 39).

Rhodopsin ActiVation Measurements.Rhodopsin activation
was determined from the equilibrium spectra of metarhodop-
sin I (MI) and metarhodopsin II (MII), the inactive and active
photointermediates of light activated rhodopsin, respectively.
The MI-MII equilibrium spectra were derived from a set
of UV/vis absorbance spectra of rhodopsin as previously
described (40). The equilibrium constant (Keq) was expressed
asKeq )[MII]/[MI]. Keq was determined at several temper-
atures in pH 7.0 PBS buffers that were corrected for the
temperature variation of the pKa of PIPES.
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Miscellaneous Assays.Phospholipid concentration was
determined by total phosphate using the method of Barlett
(36). The rhodopsin concentration was determined by ab-
sorbance at 500 nm using an extinction coefficient of 40
000 M cm-1 (37).

RESULTS

Determination of Phospholipid-Cholesterol Affinity.Three
pairs of phosphatidylcholine (PC), di-14:1n5PC, di-16:
1n7PC, and di-18:1n9PC, where each pair consists of
stereoisomers with a double bond in either the cis or the
trans geometry, were used to compare cholesterol affinities.
Equilibrium cholesterol partition coefficients were deter-
mined in a two-component system containing LUV and a
cholesterol/CD complex as previous described (23). When
LUV consisting of TFA-phospholipid or CFA-phospho-
lipid were incubated with a cholesterol donor, cholesterol-
CD complexes, cholesterol spontaneously transferred into
LUV until an equilibrium distribution was reached. The
equilibrium cholesterol partition coefficient between LUV
and CD,KCD

LUV, which is the quantitative measurement of
cholesterol affinity, is shown in Figure 2A.KCD

LUV was 3.54
( 0.07 for LUV consisting of CFA-phospholipid, di-18:
1n9(c)PC, indicating that cholesterol partitions 3.54-fold
more into the LUV than into CD, when both LUV and CD
are present in equal molar quantities. When the same
measurement was carried out in LUV consisting of TFA-
phospholipid, di-18:1n9(t)PC,KCD

LUV was increased to 6.29

( 0.03. The relative cholesterol partition coefficient,Kcis
trans,

between di-18:1n9(t)PC LUV and di-18:1n9(c)PC LUV was
1.78, demonstrating that the TFA-phospholipid has a higher
cholesterol affinity than the CFA-phospholipid. Similar
results were obtained in di-14:1n5PC and di-16:1n7PC
vesicles (Figure 2B). TheKcis

transvalues were 1.43 and 1.69
for di-14:1n5PC and di-16:1n7PC, respectively. The corre-
sponding extra partition free energies,∆ (∆G), for partition-
ing into the TFA phospholipid relative to the CFA phos-
pholipid at physiological temperature (37°C) are -220,
-323, and-355 cal/mol for di-14:1n5PC, di-16:1n7PC, and
di-18:1n9PC, respectively. This demonstrates the stronger
interactions of cholesterol with TFA-phospholipids relative
to CFA-phospholipids.

Time-ResolVed DPH Fluorescence Measurements.The
fluorescence lifetime and anisotropy decay of DPH were
summarized in Table 1. The average lifetime of DPH,〈τ〉,
in the CFA-phospholipid (di18:1n9(c)PC), was 7.37( 0.02
ns, similar to that previously reported (39). A longer 〈τ〉,
8.28 ( 0.23 ns, was observed in the TFA-phospholipid,
di18:1n9(t)PC. This value is similar to that observed in 16:
0, 18:1n9(c)PC, which has a saturated chain at thesn-1
position, or in di18:1n9(c)PC with 30% (mol) cholesterol
(29, 39). These bilayers have a higher order of acyl chain
packing than di18:1n9(c)PC, which results in a lower water
penetration into the bilayers, resulting in a reduced quenching
of DPH fluorescence.

The average rotational correlation time〈φ〉 of DPH, which
was obtained from time-resolved anisotropy measurements
and analyzed in terms of biexponential decay, differed by
∼30% between di18:1n9(c)PC and di18:1n9(t)PC.〈φ〉 was
longer in the TFA-phospholipid, indicating that the rota-
tional diffusion of the DPH probe was slower. A similar
result was obtained from the analysis of DPH anisotropy data
using the BRD model. The rotational diffusion coefficient,
D⊥, was slightly higher in di18:1n9(c)PC, consistent with
the lower value of〈φ〉. The membrane acyl chain packing
free volume,fv, was∼30% lower in di18:1n9(t)PC than that
in di18:1n9(c)PC, indicating a higher order of acyl chain
packing in the TFA-phospholipid.

Characterization of Phospholipid-Receptor Interaction.
Phospholipid-receptor interaction was characterized in
reconstituted membranes containing rhodopsin and TFA-
or CFA-phospholipid using differential scanning calorim-
etry. DSC scans were collected from 0 to 80°C, which covers
the gel-to-fluid phase transition of di-18:1(t)PC and the
thermal transition of rhodopsin denaturation. The phase
transition temperature of di-18:1(c)PC is-11 °C (41, 42),
which is beyond the scan range of our Nano-scan II
calorimeter. Thus, the phase transition of di-18:1(c)PC was
not resolved in this study. Figure 3A shows the region of

FIGURE 2: Lipid dependence of membrane cholesterol partitioning.
Equilibrium cholesterol partition coefficient was determined be-
tween LUV that contains either cis (open bars) or trans (hatched
bars) fatty acid-derived phospholipids and methyl-â-cyclodextrin
(CD) (A). Cholesterol partition coefficient (Kcis

trans) between trans
and its correspondingcis-phospholipid (B) was derived from
measurements similar to those shown in panel A.

Table 1: Time-Resolved DPH Fluorescence Measurements in Lipid
Vesicles Consisting of di-18:1n9(c)PC and di-18:1n9(t)PCa

di-18:1n9(c)PC di-18:1n9(t)PC

〈τ〉, ns 7.37( 0.02 8.28( 0.23
〈φ〉, ns 1.49( 0.03 1.91( 0.07
D⊥, ns-1 0.15( 0.00 0.14( 0.00
fv 0.18( 0.01 0.12( 0.00

a Time-resolved fluorescence decay and polarization data were
acquired at 37°C. The standard deviations were derived from three
independent measurements.
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rhodopsin denaturation in bilayers consisting of either di-
18:1n9(t)PC or di-18:1n9(c)PC. The transition temperature
(Tm) of rhodopsin denaturation in the di-18:1n9(c)PC bilayers
was 68.0°C (Table 2), while theTm was increased to 69.7
°C in di-18:1n9(t)PC bilayers, 1.7°C higher than in di-18:
1n9(c)PC. The thermal denaturation of rhodopsin was also
accompanied by a higher enthalpy value in the TFA-
phospholipid, which is 198.5( 1.2 kcal/mol in di-18:1n9-
(t)PC versus 160.6( 1.1 kcal/mol in di-18:1n9(c)PC (Table
2), further demonstrating the stabilization of rhodopsin
toward thermal denaturation by the TFA-phospholipid.

The gel-to-liquid crystalline phase transition of pure di-
18:1n9(t)PC bilayers was highly cooperative, evidenced by
a single sharp transition band at 11.5°C (Figure 3B). In the
presence of rhodopsin in bilayers, the gel-to-liquid crystalline
phase transition of di-18:1n9(t)PC broadened significantly
with two resolved transition peaks centered at 8.8 and 10.7

°C, respectively (Figure 3B). NMR and ESR studies have
reported the existence of two populations of phospholipids
in native disk membranes and reconstituted rhodopsin-
containing membranes (43-46). The phospholipids in direct
contact with rhodopsin are motionally restricted, and as such,
are distinct from the bulk phospholipids. The presence of
two distinct lipid phase transitions in rhodopsin-containing
membranes by DSC is consistent with the NMR and ESR
results. Another interesting observation was that once
rhodopsin was thermally denatured, it had less perturbation
on the phase transition of di-18:1n9(t)PC. The rescan of the
thermally denatured rhodopsin-containing vesicles exhibited
a single symmetric transition band at 11.2°C (Figure 3B).
This transition band was highly reproducible when the
sample was subjected for additional scans. BothTm and∆H
values associated with the gel-to-liquid crystalline phase
transition of di-18:1n9(t)PC in the presence of denatured
rhodopsin were close to those of pure di-18:1n9(t)PC bilayers
(Table 2), indicating weakened interactions between dena-
tured rhodopsin and phospholipids as compared to that
between native rhodopsin and phospholipids.

Characterization of Rhodopsin ActiVation. The decon-
volved equilibrium spectra of MI and MII acquired in
reconstituted rhodopsin-containing bilayers consisting of
either di-18:1n9(c)PC or di-18:1n9(t)PC are shown in Figure
4. MI and MII species have maximal absorption at 480 and
385 nm, respectively. It is obvious from the spectrum that
di-18:1n9(c)PC bilayers supported more MII formation. The
equilibrium constant for the MI-MII equilibrium, Keq, which
is a measure of the ratio of MII to MI, was reduced by 21%
in di-18:1n9(t)PC relative to that in di-18:1n9(c)PC at 37
°C (Figure 5). This difference was most pronounced at 5
°C, where di-18:1n9(c)PC is in fluid phase and di-18:1n9-
(t)PC is in gel phase. TheKeq value was 3-fold lower in di-
18:1n9(t)PC relative to di-18:1n9(c)PC. At all temperatures
measured in this study,Keq values were consistently lower
in di-18:1n9(t)PC bilayers (Figure 6).

The van’t Hoff plot of lnKeq versus 1/T in di-18:1n9(c)-
PC bilayers followed a straight line (Figure 6), which yielded
∆Hvh and∆S to be 10.44( 0.42 kcal/mol and 33.44( 1.45
kcal/mol K, respectively (Table 3). In di-18:1n9(t)PC bilay-
ers, a linear correlation was only observed between 15 and
37 °C, where di-18:1n9(t)PC is in the fluid phase. The
corresponding∆Hvh and∆S values were higher than those
in di-18:1n9(c)PC bilayers. The lnKeq value obtained at 5
°C (1/T ) 3.6× 10-3, K-1), where di-18:1n9(t)PC is in the
gel phase, fell below the projected value from the van’t Hoff

FIGURE 3: DSC scans of reconstituted rhodopsin-containing
vesicles. Shown in panel A are thermal transitions of rhodopsin in
di-18:1n9(c) PC vesicles (‚‚‚) and in di-18:1n9(t) PC vesicles (---).
The thermal transitions were analyzed according to a two-state
transition model, shown as (;) for both lipid vesicles. Shown in
panel B are phospholipid phase transitions in rhodopsin-containing
di-18:1n9(c)PC vesicles (‚‚‚) and rhodopsin-containing di-18:1n9-
(t)PC vesicles before (---) and after (;) rhodopsin is thermally
denatured. Also shown in panel B is the di-18:1n9(t)PC phase
transition in pure di-18:1n9(t)PC vesicles without rhodopsin (-‚‚-).
It was scaled down by a factor of 2 for clarity.

Table 2: DSC Summary of the Gel-to-Liquid Crystalline Phase
Transition of Lipid and Thermal Denaturation of Rhodopsin in
Lipid Vesicles

Tm (°C)a ∆H (kcal/mol)a

Protein transition
di-18:1n9(c)PC 68.0( 0.02 160.6( 1.1
di-18:1n9(t)PC 69.7( 0.01 198.5( 1.2

Lipid transition
di-18:1n9(t)PC

first heating scan 9.9( 0.02 ndb

10.6( 0.01 ndb

second heating scan 11.2( 0.00 6.37( 0.03
di-18:19(t)PC (lipid only) 11.5( 0.00 8.30( 0.13
a Numbers were expressed( SD. b Not determined.
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plot, demonstrating an additional role of lipid phase transition
in modulating rhodopsin activation.

DISCUSSIONS

TFA and CFA are stereoisomers of unsaturated fatty acids
with one or more CdC double bonds in trans or cis
geometry. The subtle difference in double bond geometry
results in significant changes in phospholipid-cholesterol
and phospholipid-membrane receptor interactions as shown
in this study.

Our results show that TFA-phospholipids have a 40-
80% higher cholesterol affinity than their cis analogues as
determined from their cholesterol partition coefficients
(Figure 2B). This indicates that the cholesterol level would
be 40-80% higher in TFA-phospholipid membranes rela-
tive to CFA-phospholipid membranes. This result provides
for the first time the quantitative difference in the acyl chain-
cholesterol interaction based on the sole difference in double
bond geometry. Previous studies, using phospholipids derived
from either CFAs or saturated FAs, demonstrated that
phospholipid-cholesterol interactions are greatly influenced
by the phospholipid acyl chain composition (23, 27).
Phospholipids with saturated acyl chains allow better van
der Waals contact between phospholipid acyl chains and
cholesterol, resulting in higher cholesterol affinity. In
contrast, the presence of cis double bond(s) in acyl chains
reduces the acyl chain-cholesterol interaction due to the
unfavorable configuration of acyl chains induced by cis
double bond(s).Trans-acyl chains adopt extended configura-
tions similar to saturated acyl chains, allowing better
interaction with the cholesterol molecule than their cis
analogues (Figure 1). It is also interesting that the difference

in cholesterol affinity between TFA- and CFA-phospho-
lipids increases with increasing acyl chain length.

Our fluorescence measurements demonstrated that the acyl
chain packing order is higher in di-18:1n9(t)PC membranes
than in di-18:1n9(c)PC membranes (Table 1), which is
reflected by the reduced DPH diffusional coefficient and
lower acyl chain packing free volume. The DPH fluorescence
lifetime is higher in di-18:1n9(t)PC membranes, indicating
less water penetration into the membranes, resulting in
reduced quenching of DPH fluorescence. This agrees with
the lower membrane permeability in the TFA-phospholipid
(41). The higher acyl chain packing order in the TFA-
phospholipid membranes is due to the favored van der Waals
interactions amongtrans-acyl chains, which also explains
the 30°C difference in phase transition temperature between
di-18:1n9(t)PC and di-18:1n9(c)PC membranes (42, 47).

Since rhodopsin and other membrane receptors are sur-
rounded by a lipid matrix, the change of membrane physical
property is expected to be influential to the structure and
function of membrane receptors. We observed that the
thermal denaturation temperature of rhodopsin was greater
by 1.7°C in di-18:1n9(t)PC than in di-18:1n9(c)PC (Table
2). The size of theTm shift by changing the geometry of the
CdC double bond was comparable to theTm shift induced
by the addition of 30% (mol) cholesterol in rhodopsin-
containing membranes (48). The level of rhodopsin activation
was reduced by 21% in di-18:1n9(t)PC membranes relative
to di-18:1n9(c)PC membranes at 37°C where both lipids

FIGURE 4: Metarhodopsin I (MI) and metarhodopsin II (MII)
equilibrium difference spectra in reconstituted vesicles. Spectra were
acquired in rhodopsin-containing vesicles consisting of di-18:1n9-
(c)PC (O) and di-18:1n9(t)PC (b) in pH 7.0 PBS buffer at 37°C.
The dashed and solid lines were the corresponding deconvoluted
spectra of MI (480 nm) and MII (385 nm) in di-18:1n9(c)PC and
di-18:1n9(t)PC, respectively. The equilibrium constants for MI-
MII were derived from these spectra.

FIGURE 5: Trans fatty acid-derived phospholipids reduced rhodopsin
activation. MI-MII equilibrium constants (Keq) were derived from
equilibrium spectra as shown in Figure 4. Shown here areKeqvalues
from reconstituted rhodopsin-containing vesicles consisting of di-
18:1n9(c)PC (open bar) and di-18:1n9(t)PC (hatched bar). The top
panel was measured at 37°C, where both di-18:1n9(c)PC and di-
18:1n9(t)PC are in the liquid crystalline phase, while the bottom
panel was acquired at 5°C, where di-18:1n9(c)PC is in the liquid
crystalline phase and di-18:1n9(t)PC is in the gel phase.
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are in the fluid phase. The reduction ofKeq in the di-18:
1n9(t)PC membranes correlated with the reducedfv value
observed for this phospholipid. This is consistent with the
link betweenKeq and fv observed in previous studies (30).
Since the activation of rhodopsin from the MI state to the
MII state involves a large conformational change (49, 50),
membranes with lowerfv or higher acyl chain packing orders
would impose a higher energy barrier for such conforma-
tional change; thus, a lower level of rhodopsin activation is
expected. The reduction of rhodopsin activation was more
pronounced at 5°C, where di-18:1n9(t)PC is in the gel state
and di-18:1n9(c)PC is in the fluid state. The acyl chains are
much more ordered in gel state than in the liquid crystalline
state, resulting in a 3-fold difference inKeq between di-18:
1n9(t)PC and di-18:1n9(c)PC. Since rhodopsin activation is
the initial event in the G protein coupled visual signaling
cascade, the reduction of rhodopsin activation by the TFA-
phospholipids would result in a down regulation of the
signaling pathway. Because a conformational change is
generally required for receptor activation, the influence of
the TFA-phospholipid on rhodopsin activation may be
generalized to other GPCR pathways and is likely a factor
in the function of other membrane receptors.

It is well-established that the dietary intake of TFA leads
to the incorporation of TFA in a variety of tissues and various
lipid forms including phospholipids. The results of this study
demonstrate that the incorporation of TFA in phospholipids
leads to an increase in membrane cholesterol levels and a

reduction in membrane receptor activation. These effects
could be contributing factors in modulating cholesterol
homeostasis, and as such, may be part of the explanation of
the elevation of LDL cholesterol by a TFA-rich diet. First,
cholesterol homeostasis is maintained through LDL-receptor
mediated endocytosis, a rate-limiting step for the removal
of LDL cholesterol from serum (51). The activity of the LDL
receptor could be modulated by the TFA-phospholipid in a
fashion similar to rhodopsin as discussed previously since
both receptors are integral membrane proteins surrounded
by phospholipids. The reduction of LDL receptor activity
would reduce the rate of LDL clearance from serum and
result in higher LDL cholesterol in serum. Second, recent
studies show that the cellular cholesterol level is regulated
by an internal cholesterol sensor, SCAP (52). SCAP is a
transmembrane protein located in the ER membrane contain-
ing a sterol-sensing domain (SSD), a common motif consist-
ing of five transmembrane helices that is also found in three
other cholesterol sensing proteins. SCAP detects the cellular
cholesterol level and responds to the fluctuation of cellular
cholesterol by switching the signaling pathway of cholesterol
biosynthesis either on or off, thus maintaining a constant
level of cellular cholesterol (52-54). Although the choles-
terol binding site in SCAP has not been characterized yet, it
is likely that the intrinsic cholesterol affinity of SCAP
determines the operation of the sensor. The effective
concentration of cholesterol or cholesterol activity in mem-
branes is normally lower than the total membrane cholesterol
concentration since cholesterol interacts and binds with
phospholipids in membranes (24). TFA-phospholipids
exhibit higher cholesterol affinity than CFA-phospholipids,
so the cholesterol activity in the TFA-phospholipid mem-
branes will be lower than in the CFA-phospholipid mem-
branes. To reach the same physiological level of cholesterol
activity that triggers the response of SCAP, a higher
concentration of total membrane cholesterol would be
required in the TFA-phospholipid membranes. Thus, the
system indirectly increases the absolute cholesterol threshold
for SCAP, allowing more cholesterol to be synthesized before
the pathway for cholesterol biosynthesis is turned off. As a
consequence, a higher level of cholesterol is maintained in
the TFA-phospholipid membranes than that in the CFA-
phospholipid membranes.

In summary, this study demonstrates that TFA-phospho-
lipids exhibit higher cholesterol affinity than their stereo-
isomer CFA-phospholipids. Membranes containing TFA-
phospholipids have a higher order of acyl chain packing and
diminish membrane receptor activation. The fundamental
differences between TFA- and CFA-phospholipids ob-
served here in model membranes is worth investigating in
in vivo systems. This would aid in clarifying the role played
by dietary fat in the regulation of cholesterol homeostasis.
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