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ABSTRACT Unsaturated trans fatty acids have been linked to a higher incidence of coronary artery disease, but not enough is
known about the effect of trans lipids on membrane properties. Liquid-ordered (lo) and liquid-disordered (ld) membrane domains are
implicated in various biological processes, such as endocytosis, adhesion, signaling, protein transport, apoptosis, and disease
pathogenesis. The physical forces that induce domain formation and thus orchestrate cell function need to be further addressed
and quantified. Here, we test the effect of trans DOPC (dielaidoyl phosphatidylcholine or DEPC) on the morphology of giant
unilamellar vesicles (GUVs, used as a biomembrane model) made by electroformation with varying compositions of egg
sphingomyelin, trans DOPC, cis DOPC, and cholesterol. GUVs were imaged by confocal fluorescence microscopy and then
analyzed for changes in membrane morphology and properties such as lo/ld phase coexistence and area fractions, distribution of
meridional curvature, and fluorescent-probe intensity distribution. BODIPY-FL-C12-sphingomyelin, Lissamine rhodamine B
dioleoylphosphatidylethanolamine and BODIPY-TR-C12-sphingomyelin were used as fluorescent probes to differentially label the
lo and ld phases. Trans DOPC induces some vesicles to form multidomain, invaginated morphologies that differ from the typical two-
domain circular and truncated spherical shapes observed in its absence. Trans DOPC also alters the membrane curvature
distribution; this is more pronounced in the lo phase near the phase boundary, where significantly negative curvatures (,�0.5
mm�1) are observed. A narrower distribution of meridional curvatures in GUVs with trans DOPC is suggestive of higher membrane
bending rigidity. The ratio of average fluorescent intensities in the ld/lo phases indicates a greater concentration or brightness of the
probes BODIPY-FL-C12-sphingomyelin and BODIPY-TR-C12-sphingomyelin in the lo phase in the presence of trans DOPC.
Addition of trans DOPC does not alter the lo/ld area fractions, indicating that it does not act like egg sphingomyelin, a saturated lipid.
These changes in membrane properties seen in the presence of trans lipids could significantly impact cell function.

INTRODUCTION

Membrane heterogeneity is proposed to play a key role in

important cell functions including lipid trafficking, signal

transduction, immune system response, endo- and exocytosis,

and disease pathogenesis (1–4). This heterogeneity in cell

membranes arises due to the variety of lipid and protein

species present and is, under some conditions, manifested by

lateral phase separation of the membrane into liquid-ordered

(lo) and liquid-disordered (ld) domains (5). The lo domains,

also referred to as lipid rafts (6), are enriched in cholesterol,

saturated lipids such as sphingomyelin, GPI-anchored proteins,

Src-family tyrosine kinases, palmitoylated and myristoylated

proteins such as flotillins, and cholesterol-binding proteins

such as caveolins (7). The lo domains are more tightly packed

(4,5) and exhibit higher bending rigidity (8) when compared

to ld domains, which are enriched in unsaturated phospho-

lipids (7).

Rafts and raft proteins are associated with a multitude of

diseases and have spurred intense research to understand

the biophysical aspects of raft-mediated pathogenesis. For

example, atherosclerosis, Parkinson’s, Alzheimer’s (9), and

influenza (10) are some of the diseases to which rafts con-

tribute. When compared to their cis counterparts, trans lipids

reduce activation of rhodopsin (a membrane receptor) in re-

constituted membranes (11). In this contribution, we explore

the effect of trans unsaturated lipids on domain formation and

membrane shape distribution in model cell membranes,

which may suggest mechanisms by which trans lipids could

affect cell membranes and lead to abnormal physiology.

Trans fatty acids have been shown to increase the in-

cidence of coronary artery disease and myocardial infarction

(12) and to induce apoptosis in endothelial cells (13). Studies

show that a 2% increase in energy intake from trans fatty

acids is associated with a 25% increase in the risk of heart

disease (14). It is estimated that trans fats make up 4–12% of

the total dietary fat intake of the population in the United

States (15). The amount of trans lipid that ends up in the

membrane is reflective of trans lipid levels in the diet; the

amount of trans fat incorporated into adipose tissue and red

blood cells is related to food consumption (16–18). Although

both trans fats and saturated fats increase low-density lipo-

protein in blood, trans fats additionally decrease favorable

high-density lipoprotein levels (12). Trans fats also inhibit

the synthesis of beneficial polyunsaturated fatty acids and in-

crease the influx of calcium into endothelial cells, which

could induce stenosis (19,20). This evidence provides a

strong rationale for studying the effects of trans lipids on

biological membranes.

We investigate the effect of adding trans unsaturated lipid

(in this case, dielaidoyl phosphatidylcholine or DEPC) to
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membranes and study its effect on membrane properties such

as curvature, lo/ld area fractions, and probe distribution using

giant unilamellar vesicles (GUVs) as a biomembrane model.

GUVs are advantageous model systems because of their

ability to form curved bilayer structures with controllable

composition while providing, under some conditions, phase-

separated coexisting liquid domains large enough (.1 mm)

to be resolvable by a light microscope (21–23). Small

amounts (;1 part in 103) of fluorescent probes added to the

lipids are used to visualize membrane domains using fluo-

rescence confocal microscopy. We are using a ternary sys-

tem consisting of egg sphingomyelin (ESM), cis unsaturated

DOPC (cis DOPC or dioleoyl phosphatidylcholine), and cho-

lesterol (CH) as the control system. We start with an equi-

molar ternary mixture of ESM, cis DOPC, and CH, which is

known to phase-separate into coexisting liquid-ordered and

liquid-disordered domains at room temperature (8,23–25),

and then examine the effects of replacement of cis DOPC or

ESM with trans DOPC (dielaidoyl phosphatidylcholine, or

DEPC) (yielding a quaternary system). We chose DEPC (or

trans DOPC) as the trans lipid for this study, since elaidic

acid (the fatty acid component of DEPC) is the most abun-

dant trans fat present in human atheromatous plaques (26).

The impact on membrane parameters of substituting some

of the cis DOPC with trans DOPC is investigated using shape

analysis. Shape-tracing analysis entails mathematically map-

ping the image of an equatorial section of a lo/ld phase-sep-

arated GUV and extracting the coordinates of the membrane

as a function of arc length along the shape. We hypothesize

that, due to its structural similarity to straight-chain saturated

lipids, trans DOPC may behave more like sphingomyelin

than cis DOPC, and we expect that it would preferentially

distribute into the lo phase. Finding probe combinations that

can be used to distinguish lo/ld phases is critical for domain

shape analysis. We used two probe combinations that exhibit

differential partitioning between lo and ld domains: BODIPY-

FL-C12-sphingomyelin (BFL-Spm) and Lissamine rhodamine

B DOPE (Rh-DOPE), and BFL-Spm and BODIPY-TR-C12-

sphingomyelin (BTR-Spm).

MATERIALS AND METHODS

Reagents, chemicals, and lipids

Chloroform, methanol, sucrose, HPLC-grade water, and sodium chloride

(NaCl) were purchased from Fisher Scientific (Atlanta, GA). Dimethylsulf-

oxide and the antioxidant sodium-L-ascorbate were obtained from Sigma-

Aldrich (St. Louis, MO). All chemicals and reagents were used without

further purification and stored at room temperature. ESM, cis DOPC, trans
DOPC (or DEPC), and CH were purchased from Avanti Polar Lipids

(Alabaster, AL). The stock solutions of lipids were stored at�20�C to prevent

oxidation and light-induced degradation.

Fluorescent probes

Rh-DOPE (ammonium salt) was purchased from Avanti Polar Lipids. BFL-

Spm and BTR-Spm were obtained from Molecular Probes/Invitrogen

(Eugene, OR), with BTR-Spm prepared by custom synthesis.

Preparation of giant unilamellar vesicles

Stock solutions of ESM, cis DOPC, trans DOPC, and CH were made in

chloroform for a final concentration of 1 mM. Rh-DOPE was dissolved in

methanol. BFL-Spm and BTR-Spm were dissolved in dimethylsulfoxide.

The lipids were mixed in the desired ratios and the fluorescent probes were

added to the mixture. The total mole percentage of fluorescent probes was

always #0.6 mol %. Specifically, BFL-Spm, BTR-Spm, and Rh-DOPE

constituted 0.078, 0.077, and 0.05 mol %, respectively, of the total lipid

mixture, except when antioxidants were used, in which case BFL-Spm and

Rh-DOPE were present at 0.5 and 0.1 mol %, respectively. Composition of

GUVs are denoted in ratios of mole fractions of lipids as ESM/(trans DOPC,

cis DOPC)/CH. The control sample is denoted as 1:(0,1):1, and a sample in

which 20% of the cis DOPC is substituted by trans DOPC is denoted as

1:(0.2,0.8):1. The GUVs made with and without trans DOPC are denoted as

trans GUVs and cis GUVs, respectively.

GUVs were made by electroformation (27,28). Two hundred microliters

of the lipid mixture dissolved in chloroform was spread evenly on two

indium tin oxide coated glass slides (Sigma-Aldrich) at 80�C. The slides

were dried under vacuum for at least 2 h to remove the solvent. The slides

were stacked on top of each other with the dried lipid layers facing each

other and a Teflon spacer separating them. The space between the slides was

filled with a solution (made with HPLC-grade water as the solvent),

containing either 1), 100 mM sucrose; 2), 100 mM NaCl; or 3), 100 mM

sucrose and 100 mM sodium ascorbate.

The slides were sealed with lithium grease (Panef, Milwaukee, WI) and

connected to a function generator (3311A, Hewlett-Packard, Palo Alto, CA),

producing an approximately sinusoidal wave with peak amplitude 2 V and

frequency 10 Hz (measured using a Hewlett Packard 54503A digitizing

oscilloscope) for 2 h. The electroformation procedure was carried out at

60�C to ensure uniform mixing of lipids. The GUVs obtained were stored in

the dark at room temperature.

Confocal fluorescence microscopy

The GUVs were imaged using a Leica TCS-4D, TCS-NT, or TCS-SP

microscope (Leica Microsystems, Exton, PA) at room temperature using an

Olympus 603/1.2 NA water, an Olympus 603/1.35 NA oil, or a Leica

1003/1.4 NA oil objective. Axially symmetric equatorial vesicle sections to

be used later for shape tracing were obtained. The laser lines used were 483

nm or 488 nm, and 543 nm or 568 nm. A FITC (RSP580, BP525/50)/TRITC

(RSP650, LP 590) filter combination was used to do green-red dual channel

imaging. BFL-Spm emits primarily in the green channel and Rh-DOPE and

BTR-Spm emit in the red channel.

The pinhole size varied between 0.5 and 2 Airy units. The images were

line- or frame-averaged 2–16 times. Typical voltage gains for the green

channel and red channel were between 400 and 600 V, and 500 and 700 V,

respectively, and the laser powers at the sample varied from ;10 to 70 mW.

Each objective was calibrated using a scale with known dimensions.

Shape tracing of equatorial confocal GUV slices

The least-squares algorithm written in MATLAB (version 7.0, The

MathWorks, Natick, MA) is described in detail elsewhere (29). The basis

of the algorithm is to use each pixel in the image as a data point, weighted by

its uncertainty (estimated as the square root of the number of photons in that

pixel), and then to fit a polynomial (typically of second order) through those

data points. An RGB image of an equatorial section of a GUV of interest

converted to a grayscale image is used for shape tracing. The pixel values of

the images in the red and green channels are read from the RGB image.

Some of the parameters that can be set are the width of the region being

traced (typically 10–30 pixels), threshold (20–100), rotation angle (0�), step

size (typically 1 or 2), and the length of the trace (depends on the size of

the vesicle to be traced). For a GUV of ;20 mm size, ;400–500 points

represent one complete trace. The initial x and y trace positions are chosen
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manually to ensure that the tracing commences at a point on the vesicle

itself. A rectangular region centered on the trace position, set by the width of

the trace, is fit using a second-order polynomial. The threshold determines

the minimum brightness that a pixel should have within this rectangular box

to be considered for the polynomial fit (of the form y ¼ ax2 1 bx 1 g),

where locally y points perpendicular to the vesicle trace toward larger radius,

and a, b, and g are free parameters. The fit is then used to calculate the

meridional curvature (�2a) and the direction of the next step and

subsequent trace position based on the step size. The tracing algorithm

outputs the following information: x and y coordinates; membrane path

angle (c) within the equatorial plane, measured relative to the horizontal

axis; meridional curvature (Cm); and pixel intensities in the red and green

channels as a function of arc length (S). Cm ¼ 1/R ¼ dc/dS, where R is the

radius of a circle tangent to the path at the point of interest. From our

calculations, we are able to obtain curvature values with an uncertainty of

;60.001 mm�1.

Shape traces are rotated to align the shape to be symmetric with the y axis,

and each of the two sides of the symmetric shape is analyzed individually to

obtain lo and ld area fractions, meridional curvatures, probe partitioning

behavior, and location of the phase boundary. For each equatorial vesicle

section, all the parameters are obtained as a function of arc length for each

symmetric side individually. Nineteen trans GUVs and 18 cis GUVs were

analyzed with this method.

Determination of phase boundary between
lo an ld domains

The lo and ld phases were labeled using fluorescent lipid analogs and visualized

by confocal microscopy. Rh-DOPE, which contains unsaturated acyl chains, is

expected to be excluded from the ordered phase, and in previous studies has

been used as a ld phase marker (30,31). Since Rh-DOPE is detected primarily

in the red channel, plotting the red pixel intensity as a function of arc length

gave us the edge of the ld phase and, consequently, the location of the phase

boundary. BFL-Spm partitions into both phases and is detected primarily in the

green channel. Hence, the ld phase appears yellow/orange in the two-color

merged image. It is harder to determine the phase boundary when the BFL-

Spm/ BTR-Spm probe combination is used, since both probes partition into

both phases. In this case, too, there is a difference in probe partitioning

between the domains, and by plotting the red and green pixel intensities as a

function of arc length, the phase boundary can be determined. When it was not

possible to identify the phase boundary using the probe partitioning profile (8

out of 37 GUVs traced, occurring only with the BFL-Spm/BTR-Spm probe

combination), image processing software was used to manually identify the

phase boundary. This is done for both sides of the vesicle separately.

Determination of area fractions

Each side of the symmetric equatorial section is analyzed separately. The

equations listed below are used for computing the area fractions. The

differential arc length (Dsi) for the ith step is determined using Dsi ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ððDxiÞ21ðDyiÞ2Þ

p
; where Dxi and Dyi are the displacements in radial x and

axial y coordinates, respectively. Then the differential area (DAi) for the ith

step in the trace is computed using DAi ¼ 2pxiDsi; and summed over the

entire surface to yield the total area At ¼ +DAi: The area of phase 1 (A1) is

calculated by summing up to the phase boundary, and the area of phase 2

(A2) is obtained from A2 ¼ At � A1, namely the difference between the total

area At and the area of the first phase A1, where A1 ¼ +b

0
DAi; where b is the

location of the phase boundary. If A1 is denoted as the ld area and A2 as the lo
area, the ld area fraction is A1/At and the lo area fraction is A2/At. This was

done for 36 GUVs, 18 with trans DOPC and 18 without.

Histograms of curvatures

Meridional curvatures of axially symmetric equatorial sections of GUVs

were obtained from the shape-tracing algorithm. We selectively chose two-

domain unilamellar GUVs with comparable sizes when building the histo-

grams. We analyzed 18 cis GUVs and 19 trans GUVs. Histograms of

curvatures observed at each pixel in the image of the entire equatorial section

of the vesicle (overall), near the phase boundary, in the lo and ld phases, and

near the lo and ld phase boundary were compiled separately using a

MATLAB routine. To determine the curvatures near the phase boundary,

points encompassing 61 mm on either side of the phase boundary were

selected. The number of points (n) and bins used for plotting the histograms

are listed in Table 1. The histogram bins were linearly spaced between�0.9

and 10.6 mm�1.

Determination of the mean and second moment of
meridional curvature distribution

The mean meridional curvature ÆCmæ for each curvature histogram is

computed using

ÆCmæ ¼
+

i

NiC
ðiÞ
m

+
i

Ni

; (1)

where Ni is the number of points in the histogram that have C
ðiÞ
m as the

curvature value. From the same curvature histograms, the second moment S

is calculated using

S ¼
+

i

NiðCðiÞm � ÆCmæÞ2

+
i

Ni

; (2)

The second moment, which is the variance, is computed as a measure of

width of the curvature distribution.

Quantification of intensity ratios of fluorescent
lipid analogs in GUV equatorial sections

From shape analysis of the equatorial GUV sections, we obtain fluorescent

probe intensity as a function of arc length for each symmetric side. The aver-

age fluorescence intensity of each probe in the lo and ld phase is determined

for each side of the vesicle by using the entire trace on that side. The ratio of

the fluorescence intensities in ld and lo phases, referred to as the intensity

ratio, is computed for each symmetric side. The average intensity ratio for

each vesicle is obtained by taking the average of the two sides. The intensity

of a fluorescent probe in a particular phase is proportional to the product of

the concentration of the probe and the brightness of the probe in that phase.

The brightness of the probe (equal to the product of the fluorescent probe’s

molar absorption coefficient and the quantum yield) is in turn influenced by

the environment surrounding the probe.

RESULTS

The effect of trans lipids on membrane properties is divided

into two categories: 1), three-dimensional structural effects

TABLE 1 Numbers of points (n) and bins used for plotting

histograms of meridional curvatures

Type of GUVs (N) Overall

Phase

boundary lo ld

lo Phase

boundary

ld Phase

boundary

cis GUVs (18) 6846 497 3752 3130 249 285

trans GUVs (19) 7345 533 3880 3503 283 288

Number of bins 100 25 75 75 15 15

The bins were linearly spaced from �0.9 to 10.6 mm�1. Number (N) of

GUVs analyzed were 18 cis and 19 trans GUVs. lo, liquid-ordered; ld,

liquid-disordered.
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that are manifested as changes in GUV morphology, the

presence of invaginations, and alterations in meridional cur-

vature distributions; and 2), two-dimensional lateral effects

that are characterized by the presence of multiple domains,

lo/ld area fractions, and fluorescent probe distributions.

Morphology of GUVs is dependent
on composition

Vesicle composition strongly influences the shape of GUVs

obtained (see Fig. 1) with mixtures of egg sphingomyelin,

DOPC, and cholesterol. The panels show two-channel

merged images exhibiting two-phase (lo/ld) fluid-fluid coex-

istence. While the red channel emission primarily contains

fluorescence from either Rh-DOPE or BTR-Spm in the ld
phase, the green emission channel contains fluorescence

from the BFL-Spm probe in both the lo (green regions) and ld

(yellow/orange regions) phases. Because Rh-DOPE has

been shown previously to partition primarily into the ld phase

(30,31) and because it was excluded from the phase which

also had smaller observed conformational fluctuations and

undulations (data not shown), the phase containing Rh-

DOPE was determined to be the ld phase (yellow/orange
membrane regions). The phase boundary is clearly discern-

ible in all the panels. In Fig. 1, A–D and I–L are images of a

control sample with ESM/(trans DOPC, cis DOPC)/choles-

terol ratios of 1:(0,1):1, and they show the typical circular

and truncated spherical shapes obtained in the presence of cis
unsaturated lipids. Phase coexistence, line tension, and some

of the same types of shapes, including truncated spheres, are

observed in NaCl solution (Fig. 1, I and J), but the yield is

considerably lower (;14% of that obtained in sucrose). The

existence of line tension in the images is confirmed by the

presence of separate phases with rounded boundaries; in

FIGURE 1 Fluorescence confocal microscopy images showing equatorial sections of giant unilamellar vesicles (GUVs) with fluid-fluid lo/ld phase

coexistence. The fluorescent probes used were BFL-Spm and Rh-DOPE, except in C and G, where BFL-Spm and BTR-Spm were used. Images superimpose

red (Rh-DOPE or BTR-Spm emission) and green (BFL-Spm emission) channels. The green regions of the GUVs are identified as the lo phase and the yellow/

orange membrane regions are identified as the ld phase (see text). Scale bars, 10 mm. Images were obtained at room temperature. The composition of the GUVs

is denoted by the ESM/(trans DOPC, cis DOPC)/CH ratios: 1:(0,1):1 (A–D and I–L); 1:(0.2,0.8):1 (E, G, and H), and 1:(0.5,0.5):1 (F). GUVs were made using

100 mM sucrose (A–H), 100 mM NaCl (I and J), and 100 mM sucrose 1 100 mM sodium ascorbate (K and L) as the electroformation solutions. Notice that

GUVs containing trans DOPC (E and F) show a pronounced negative (bending inward) curvature; this is especially pronounced in the lo (green) phase in F,

where a large number of invaginations (arrows) are observed. GUVs made in NaCl (I and J) were smaller than those made in sucrose. The arrow in A points

to the phase boundary and the line represents the typical region considered for compiling the histograms of meridional curvatures near the phase boundary

(;61 mm on either side of the phase boundary). (C, D, G, and H) Examples of two-domain GUVs that were used to compile the curvature histograms.
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the absence of line tension, domains would not minimize

their boundary perimeter, or a single phase would be present.

Small line tension values allow nearly spherical vesicles to

minimize the total energy, whereas in the presence of sig-

nificant line tension, domains frequently form truncated spheres

joined at the phase boundary with a significant contact angle.

Fig. 1, E, G, and H, with lipid ratios of 1:(0.2,0.8):1, and Fig.

1 F, with lipid ratios of 1:(0.5,0.5):1, show samples of shapes

obtained when trans DOPC is present. Truncated and spher-

ical shapes are commonly observed in the presence of trans
DOPC along with some unusual shapes as observed in Fig.

1 F. Fig. 1, C, D, G, and H, show examples of GUVs that are

used to compile the curvature histograms; notice that they are

all vesicles with two domains, as we do not use multidomain

(more than two-domain) vesicles (Fig. 1 F) in the shape-

tracing analysis. Also note the negative meridional curvature

(bending inward) in the lo phase (Fig. 1 F, arrows).

Lipid peroxides, which can be formed by photochemical

reactions in the presence of fluorescent dyes, can lead to

phase separation in GUVs composed of lipid mixtures that

would not otherwise phase separate (32). It has been pro-

posed that the presence of antioxidants prevents phase

separation induced by lipid peroxidation (32). Fig. 1, K and

L, show GUVs (1:(0,1):1) made in the presence of 100 mM

sodium ascorbate, a concentration that is physiologically

relevant (33). The GUV shapes obtained in the presence of

antioxidants are similar to those obtained in its absence,

despite the fact that a higher concentration of fluorescent dyes

was used in the lipid mixture when making GUVs in the

antioxidant solution.

Presence of trans DOPC induces
unusual GUV shapes

Fig. 2 shows a variety of GUV shapes that are obtained in the

presence of trans DOPC. It shows compositions 1:(0.2,0.8):1

(A and B) and 1:(0.5,0.5):1 (C and D). Fig. 1, E and F, shows

GUVs that have a fraction of sphingomyelin substituted with

trans DOPC, the composition being 0.8:(0.2,1):1. Fig. 1, G
and H, shows GUVs containing trans DOPC but no cis
DOPC, with the composition 1:(1,0):1. In the absence of

trans DOPC, circular and truncated spheres are typically

observed (as seen in Fig. 1), although on occasion we do

observe shapes that deviate from the typical morphology.

The addition of trans DOPC enhances the formation of

‘‘unusual’’ shapes (nonaxiosymmetric shapes), including

those shown in Fig. 2. To quantify relative probabilities of

these shapes, we tabulated their incidences: we find 35% are

unusual shapes in trans GUVs (n ¼ 40), as opposed to only

10% in cis GUVs (n¼ 40). Also evident in Fig. 2 (arrows) are

areas of negative curvature in the lo (green) phase. Small

invaginations in the lo phase are observed when trans DOPC

is present. These invaginations have large negative meridional

curvature (,�0.5 mm�1), where the lo (green) phase bends

inward toward the center of the shape (e.g., see Fig. 1 F).

Significant differences in the distribution of
meridional curvatures in GUVs made with and
without trans DOPC

Histograms of meridional curvatures are plotted for 18 cis
GUVs and 19 trans axiosymmetric GUVs. Table 1 lists the

parameters used for obtaining the curvature histograms. Overall

curvatures, curvatures at the phase boundary, curvatures in the

FIGURE 2 Presence of trans DOPC induces unusual GUV shapes. Equa-

torial sections of trans GUVs were imaged at room temperature. Scale bars,

10 mm. The BFL-Spm (green channel)/Rh-DOPE (red channel) fluorescent

probe combination was used in all panels except B, where the probes used

were BFL-Spm (green channel)/BTR-Spm (red channel). The green and

yellow/orange regions correspond to lo and ld phases, respectively. The

GUV compositions (ESM/(trans DOPC, cis DOPC)/CH) are as follows:

(A and B) 1:(0.2,0.8):1; (C and D) 1:(0.5,0.5):1; (E and F) 0.8:(0.2,1):1; and

(G and H) 1:(1,0):1. Note that all the images in A–F have multiple (more

than two) domains. When 80 images containing trans DOPC were analyzed

for the presence of multiple domains, it was found that 42 of them had

multiple domains. Many GUVS have inward curvature in the lo (green)

phase (arrows). The solution used for electroformation was 100 mM

sucrose.
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lo and ld domains, and curvatures in the lo and ld phases near the

phase boundary are plotted separately (Figs. 3–6). Table 1 lists

the number of points and bins used to plot the histograms and

Table 2 lists the percentage of positive and negative meridional

curvature values for each histogram and the corresponding

figure number (listed in the first row), as well as the mean

curvature value and second moment of the curvature histogram.

The mean curvature and second moment are calculated using

Eqs. 1 and 2, respectively.

Fig. 3 shows the histograms of overall meridional curva-

tures (along the surface of the entire equatorial vesicle section)

for cis and trans GUVs. Significantly negative curvatures are

present in the trans GUVs (Fig. 3 insets). It is interesting to

note that, despite the fact that both the histograms have the

same fraction of negative curvature values (10%), the dis-

tributions are significantly different. The width of the dis-

tribution is greater in cis GUVs (Fig. 3 A) when compared to

trans GUVs (Fig. 3 B), as revealed by the second moment

(Table 2, bottom row). Despite the differences, the mean of

both distributions is similar (Table 2, fourth row).

Fig. 4 shows the histograms of meridional curvatures for

cis and trans GUVs near the phase boundary. The curvature

distribution in trans GUVs (Fig. 4 B) is skewed toward

negative curvature values. The cis and trans GUVs have a

similar fraction of negative curvature values at the phase

boundary (74% vs. 72%). Despite the similarities in the

distributions, the mean curvature is more negative for cis
GUVs compared with trans GUVs (Table 2, fourth row).

The features in trans GUVs with strongly negative merid-

ional curvatures (,�0.5 mm�1) are possibly reflective of

small invaginations. The cis GUVs imaged did not have

these features. Most (;75%) of the invaginations in the trans
GUVs are present within 61 mm of the phase boundary.

Pronounced negative curvature found in lo phase
near phase boundary of trans GUVs

Fig. 5 shows the meridional curvature distribution in the lo and

ld phases, and Fig. 6 shows the distribution of meridional

curvatures near the individual (lo and ld) phase boundaries.

The width of the curvature distribution for cis and trans GUVs

is similar (Fig. 5, A and B) in the lo phase, as determined by the

second moment values (Table 2, bottom row), but the histo-

grams are different in the ld phase in the presence and absence

of trans lipids (Fig. 5, C and D, and Table 2, bottom row). The

mean curvature values are similar in the lo and ld phases for cis
GUVs (Fig. 5, A and C, and Table 2, fourth row), whereas for

trans GUVs the mean curvature is lower in the lo phase than in

the ld phase (Fig. 5, B and D, and Table 2, fourth row).

The lo phase boundary curvature distribution for trans
GUVs is also skewed more toward negative values than it is

for cis GUVs (Fig. 6, A and B). Although the mean meridional

curvature values near the lo phase boundary are similar (Table

2, fourth row), compared with cis GUVs (Fig. 6 A, and

Table 2, third row), trans GUVs (Fig. 6 B) show a slightly

larger fraction of curvatures that are negative. Moreover,

trans GUVs have a greater fraction of curvatures to the left of

the peak (34% for trans vs. 24% for cis) in the lo phase near

the phase boundary (Fig. 6, A and B).

Greater number of vesicles with multiple domains
observed in the presence of trans DOPC

One feature common in Fig. 2, A–F, is the presence of trans
DOPC and multiple (more than two) domains; ;15% 6

14% of cis GUVs (n ¼ 54) and 53% 6 11% of trans GUVs

(n ¼ 80) imaged had multiple domains. It is possible that

more domains could exist, since domains smaller than the

FIGURE 3 Significant difference in the distribution of overall meridional

curvatures between cis and trans GUVs. Histograms of curvatures (using

100 bins) were compiled using a MATLAB tracing program. The cis GUVs

exhibit a wider distribution, as characterized by the second moment (S ¼
0.016 6 0.001 mm�2 for cis GUVs and S ¼ 0.012 6 0.001 mm�2 for trans

GUVs), which is suggestive of lower bending rigidity than in trans GUVs.

Despite the difference in the curvature distributions, the mean is similar:

ÆCmæ ¼ 0.106 6 0.002 mm�1 for cis GUVs and ÆCmæ ¼ 0.105 6 0.002

mm�1 for trans GUVs. (Insets) Expanded views of overall curvatures in the

�0.9 to �0.5 mm�1 range; significantly negative curvatures (,�0.5 mm�1)

possibly represent invaginations present in trans GUVs that are absent in cis
GUVs. The number of points, n, is 6846 and 7345 for cis and trans GUVs,

respectively.
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diffraction limit (;0.5 mm) could not be resolved. Since

multiple domains could potentially coalesce into a single

domain given sufficient time, the time between preparation

of GUVs and imaging is relevant to the existence or lack of

multiple domains in a particular sample. When we compared

cis and trans GUVs imaged within and after 3 days of

preparation, more multiple domains were found for trans
GUVs than for cis GUVs. In 0–3 days, 25% of cis GUVs and

75% of trans GUVs had multiple domains (n ¼ 20); after 3

days, 10% of cis GUVs and 72% of trans GUVs had multiple

domains (n ¼ 28), where n is the total number of vesicles in

each of the cis and trans groups. Thus, the trans GUVs, com-

pared to cis GUVs, have a larger number of initial multiple

domains that persist for a greater length of time.

No difference in mean lo/ld area fractions
comparing cis and trans GUVs

Table 3 shows the mean values of area fractions for cis and

trans GUVs. Both sides of axially symmetric equatorial sec-

tions of vesicles were analyzed to determine the overall area

fraction. Thirty-six GUVs, 18 with cis DOPC (cis GUVs) and

18 with trans DOPC (trans GUVs), were analyzed and their

results averaged to obtain mean lo and ld area fractions. The

results indicate that in both cases the lo area fraction is greater

than the ld area fraction and that the area fractions are similar.

Strong differences in fluorescence intensity
distributions of BFL-Spm and Rh-DOPE probes

We use two combinations of fluorescent probes for visual-

izing membrane domains. The first probe combination con-

sists of Rh-DOPE, which is used as a ld domain label, and

BFL-Spm, which partitions into both domains. Fig. 7 shows

probe intensity profiles for BFL-Spm and Rh-DOPE as a

function of arc length for cis and trans GUVs. Rh-DOPE

partitions strongly into the ld phase in both the absence and

presence of trans DOPC. Table 4 shows the intensity distri-

bution ratios (ld/lo values) for the two probe combinations.

The values were obtained by averaging traces of at least three

GUV equatorial sections. Addition of trans DOPC decreases

the intensity ratio value for BFL-Spm by ;3-fold compared

to cis GUVs (Table 4). Rh-DOPE experiences the opposite

effect, where its intensity ratio increases ;3.9-fold in the

presence of trans DOPC (Table 4). Differences in probe

brightness within each of the phases are not corrected for.

BFL-Spm and BTR-Spm show similar
fluorescence distributions in GUVs

The second probe combination we used was BFL-Spm and

BTR-Spm. Fig. 8 shows the probe intensity profiles for the

BFL-Spm/BTR-Spm probe combination. Because both probes

partition into both phases, discerning the phase boundary is

more difficult than for the Rh-DOPE/BFL-Spm pair. How-

ever, the phases are still identifiable because the fluorescence

intensities (and presumably the partitioning of the dyes) are

not identical. The presence of trans DOPC weakly decreases

the intensity ratio (ld/lo) values for both the probes; for both

BFL-Spm and BTR-Spm, the value decreases (Table 4).

DISCUSSION

The cell controls various functions by regulating the prop-

erties and lateral organization of the plasma membrane (4,9).

These properties include parameters such as curvature, line

FIGURE 4 Pronounced differences in the distribution of meridional

curvatures of cis and trans GUVs near the phase boundary. Histograms of

curvatures (25 bins) of points 61 mm on either side of the phase boundary

were compiled. The curvature distribution in trans GUVs is more skewed

toward negative curvature. Cis and trans GUVs have a similar fraction of

negative curvature values at the phase boundary (74% vs. 72%). Despite

similarities in the distributions, the mean is different: ÆCmæ ¼ �0.106 6

0.009 mm�1 for cis GUVs and ÆCmæ ¼ �0.092 6 0.009 mm�1 for trans

GUVs, i.e., the cis GUVs have a more negative mean meridional curvature

near the phase boundary. The features in trans GUVs with significantly

negative meridional curvatures (,�0.5 mm�1) are indicative of small

indentations or invaginations and sharp inward kinks observed in the

presence of trans DOPC, as seen in Figs. 1 and 2. Upon comparing Figs. 3

and 4 we find that most (;75%) of the invaginations in the trans GUVs are

present near the phase boundary. The number of points, n, is 497 and 533 for

cis and trans GUVs, respectively.
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tension, bending rigidity, and local concentration of various

proteins and lipids (8,34–37). Curvature is defined as the

inverse of the radius. Negative curvature is defined here as

bending inward toward the interior of the GUV (e.g.,

cytoplasm), and positive curvature as bending outward

toward the exterior of the GUV (e.g., extracellular regions).

Clearly there is a significant correlation between mem-

brane curvature and biological function (35). The endoplas-

mic reticulum and Golgi both feature highly curved

membrane structures, which are required for their physio-

logical roles in protein synthesis and intracellular trafficking

(38). Phase coexistence in pure lipidic systems also depends

FIGURE 5 Comparison of meridional cur-

vature distributions (75 bins) in the lo and ld
phases in cis and trans GUVs. The curvature

distribution for trans GUVs is similar to that for

cis GUVs, as determined by the second

moment values in the lo phase (S ¼ 0.012 6

0.002 mm�2 in trans GUVs and S ¼ 0.014 6

0.001 mm�2 in cis GUVs) but different in the

ld phase (S ¼ 0.012 6 0.001 mm�2 in trans

GUVs and S ¼ 0.020 6 0.002 mm�2 in cis

GUVs). The mean curvature values are similar

in the lo and ld phases (ÆCmæ¼ 0.106 6 0.003

mm�1 in lo vs. ÆCmæ ¼ 0.104 6 0.004 mm�1 in

ld) for cis GUVs as compared to trans GUVs

(ÆCmæ¼ 0.101 6 0.003 mm�1 in lo vs. ÆCmæ ¼
0.108 6 0.003 mm�1 in ld).

FIGURE 6 Meridional curvature distributions

(15 bins) in the lo and ld phases near the phase

boundary. For trans GUVs both the lo and

ld phase boundary distributions appear to be

skewed toward negative curvature values. Cis

GUVs have a Gaussian-like curvature distribu-

tion in both phases. The mean meridional cur-

vature values in the lo phase for the cis and trans

GUVs are ÆCmæ ¼ �0.094 6 0.013 mm�1 and

ÆCmæ ¼ �0.103 6 0.014 mm�1, respectively.
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strongly on membrane lipid composition (23,34,39,40) and

strongly couples to local curvature (34), suggesting that many

of the same factors determining curvature in model systems

may mediate curvature in cell biological systems (36). Cur-

vature can be induced by minimal increases in the number of

lipids in one leaflet compared to the other (41), which could

certainly result in shape transformations in cell membranes

with significant asymmetry. Bacia et al. recently reported

that the curvature induced in lo domains of model mem-

branes is quite sensitive to the type and chemistry of the

sterol lipid component (24). Curvature also plays a critical

role in membrane fusion and is controlled by the nature of

the lipid species present (41,42).

Previous studies of trans lipids indicate that, in a similar

way to saturated lipids, trans lipids have an effect on mem-

brane properties: trans DOPC decreases membrane fluidity,

permeability, and lateral mobility (43), enhances acyl chain

packing (11), interacts strongly with cholesterol (44), and

increases cholesterol partition coefficient in bilayers (11). The

above results might indicate that trans DOPC would have a

preference for the lo phase. We find that trans lipids affect

membrane morphology, meridional curvature distributions,

and intensity ratio values of the fluorescent probes, but not

in the way expected for saturated lipids. We categorize the

effectsof trans lipids on membrane properties as 1), three-

dimensional structural effects; and 2), two-dimensional lat-

eral effects.

Three-dimensional structural effects

Structural effects are manifested by changes in vesicle mor-

phology, presence of invaginations or sharp kinks, and alter-

ation of meridional curvature distributions when trans DOPC

is present. The addition of trans DOPC induces unusual

GUV morphologies that are different from the typical cir-

cular and truncated shapes observed in the absence of trans
lipids. We also find invaginations or indentations in the lo
phase of the membrane in certain GUVs in the presence of

trans DOPC. These invaginations are reflected in the me-

ridional curvature distributions as well; significantly nega-

tive meridional curvatures (,�0.5 mm�1) are observed in

trans GUVs.

The distribution of meridional curvatures is significantly

different despite the fact that the overall fraction of negative

curvatures is the same for both cis and trans GUVs. The

curvature distributions are characterized by two parameters,

the mean and second moment. The second moment (vari-

ance) characterizes the width of the curvature distribution,

which is reflective of the bending rigidity. The width of the

overall curvature distribution is narrower in the presence of

trans DOPC; this could be indicative of higher bending

rigidity. The overall mean meridional curvature is similar for

both types of GUVs. This indicates that although a range of

shapes is present, the characteristic size of the shapes is not

drastically different in both cases.

Near the phase boundary, the cis GUVs have a more

negative mean meridional curvature ( ÆCmæ ¼ �0.106 mm�1

for cis GUVs and ÆCmæ ¼ �0.092 mm�1 for trans GUVs),

though the fraction of negative curvatures is similar for the

two populations. This can be explained by the presence of

some (strongly) negative curvatures far from the phase

boundary in trans GUVs. Considering curvature distributions

within the lo phase, near the phase boundary specifically (Fig.

6 B), trans GUVs have a higher fraction of negative cur-

vatures and a more negative mean curvature. This suggests

that the presence of trans DOPC may enhance negative cur-

vature within the lo phase, near the phase boundary.

The width of the ld meridional curvature distribution is

smaller in trans GUVs (Fig. 5 D) than in cis GUVs (Fig. 5 C).

The width of the curvature distributions could be affected by

the range of radii, variety of shapes, and bending rigidity

values of the GUV populations. However, the effect on the

width due to variation of shapes is reduced, because the

shapes analyzed were cylindrically symmetrical, and included

primarily spheres and truncated spheres in both cis and trans

TABLE 2 Distribution of meridional curvatures and second moments in the histograms

Overall Phase boundary lo ld lo Phase boundary ld Phase boundary

cis trans cis trans cis trans cis trans cis trans cis trans

Figure No. 3 A 3 B 4 A 4 B 5 A 5 B 5 C 5 D 6 A 6 B 6 C 6 D

Positive (%) 90 90 26 28 91 90 88 89 29 25 22 30

Negative (%) 10 10 74 72 9 10 12 11 71 75 78 70

ÆCmæ (mm�1) 0.106

60.002

0.105

60.002

-0.106

60.009

-0.092

60.009

0.106

60.003

0.101

60.003

0.104

60.004

0.108

60.003

-0.094

60.013

-0.103

60.014

-0.123

60.014

-0.08

60.01

S (mm�2) 0.016

60.001

0.012

60.001

0.023

60.005

0.028

60.006

0.014

60.001

0.012

60.002

0.020

60.002

0.012

60.001

0.021

60.008

0.036

60.012

0.027

60.009

0.019

60.008

Positive and negative percentages of curvature were computed using the number of points (n) from Table 1, and indicate the number of points that have

positive and negative meridional curvature value, respectively. The mean (meridional) curvature (ÆCmæ) and second moment (S) for each category were

computed using the histogram corresponding to the figure number indicated. lo, liquid-ordered; ld, liquid-disordered.

TABLE 3 Mean lo and ld area fractions for GUVs without

(cis DOPC only) and with trans DOPC

Type of GUVs lo Area fraction ld Area fraction

cis GUVs 0.56 6 0.07 0.44 6 0.07

trans GUVs 0.57 6 0.09 0.43 6 0.09

N ¼ 18 for both types of GUVs (cis and trans).
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populations. The major and minor diameter values of a single

ellipse that completely encompassed each GUV shape were

tabulated to obtain an approximate size range for each GUV.

The average minor and major radii were found to be 8.7 6 5.6

mm and 12.5 6 8.4 mm for cis GUVs; trans GUVs had minor

and major radii values of 7.8 6 2.3 mm and 10.7 6 2.7 mm,

respectively. This would correspond to curvature value

ranges from 0.115 to 0.08 mm�1 in cis GUVs and 0.128 to

0.093 mm�1 in trans GUVs; the curvature span is 0.035 mm�1

in both cases. Since the average radii and curvature spans are

similar, differences in the radii of vesicles between the cis and

trans populations cannot account for the differences in

curvature distributions. Therefore, it is plausible (although

not proven directly) that the variation in the width of the

distributions is reflective of the bending rigidity differences

between cis and trans GUVs. The width of the ld curvature

distribution (Fig. 5 C) is greater than that seen in the lo phase

(Fig. 5 A) in cis GUVs, possibly reflecting lower bending

rigidity in the ld phase. The addition of trans DOPC alters the

width of the curvature distribution significantly (Table 2,

bottom row) in the ld phase (Fig. 5 D) when compared to the

cis population (Fig. 5 C); this narrowing could be due to

the partitioning of trans DOPC into the ld phase, thereby

rendering it more rigid.

The meridional curvature distributions are also reflective

of changes in GUV morphology and the presence of invagi-

nations. Since membrane curvature is influenced by the lipid

environment and domain composition (34), the structural

changes observed in the presence of trans DOPC in cells

may result in changes in membrane function or organization.

Since rafts and raft-mediated proteins are affected by

changes in membrane composition (2,45), curvature altera-

tions may perturb the distribution and therefore the function

of raft-associated proteins such as the SR-B1 receptor (46).

In the context of heart disease, trans lipids could conse-

quently lead to alteration of high-density lipoprotein metab-

olism. Also, curvature is coupled to line tension, which plays

a key role in raft formation (34,47).

Two-dimensional lateral effects

Lateral effects are characterized by the presence or absence

of multiple domains, lo/ld area fractions, and the distribution

of fluorescent probes as determined by their ld/lo intensity

ratios.

Domain coalescence

A greater number of samples exhibit multiple domains (more

than two) in the presence of trans lipids than the control. The

FIGURE 7 Strong differences in fluorescence intensity

distributions of BFL-Spm and Rh-DOPE probes. Fluores-

cence intensities as a function of arc length are plotted for

BFL-Spm and Rh-DOPE fluorescent probes in lo and ld
phases for cis (A) and trans (B) GUVs. Rh-DOPE

partitions strongly into the ld phase, whereas the BFL-

Spm partitions into both phases. The profiles shown

correspond to the GUV equatorial sections depicted on

their left but are representative of the general trend. (C)

Overlay of the shape trace (white line) on the GUV shown

on the left. (D) Zoomed in section of the trace near the

phase boundary (not drawn with the same scale as A). The

shape tracing profile follows the original vesicle very

closely. Intensity ratios are computed by first obtaining the

average intensity for the probe in each phase on each side

of the vesicle and obtaining the ld/lo intensity ratio for each

probe for that side and thereafter averaging the intensity

ratio values on both sides. For cis, the total area is ;2001

mm2, with ld fraction 0.51 and lo fraction 0.49; BFL-Spm

and Rh-DOPE ld/lo intensity ratios are ;2.4 and ;10.3,

respectively. For trans, the total area is ;4500 mm2, with

ld fraction 0.30 and lo fraction 0.70; BFL-Spm and

Rh-DOPE ld/lo intensity ratios are ;0.75 and ;33, re-

spectively. The values correspond to the GUV sections

shown in the figure; mean area fractions and average in-

tensity ratios are tabulated in Tables 3 and 4, respectively.

TABLE 4 Intensity ratio values for fluorescent probes

BFL-Spm, Rh-DOPE, and BTR-Spm in cis and trans GUVs

BFL-Spm/Rh-DOPE BFL-Spm/BTR-Spm

Intensity

ratio

BFL-Spm

ld/lo

Rh-DOPE

ld/lo

BFL-Spm

ld/lo

BTR-Spm

ld/lo

cis GUVs 2.46 6 0.24 9.45 6 1.10 1.27 6 0.25 1.79 6 0.25

trans GUVs 0.80 6 0.08 36.78 6 9.09 1.07 6 0.20 1.53 6 0.26

The intensity ratios are computed as the ratios of the average fluorescent

intensities of the probe in the liquid-disordered (ld) and liquid-ordered (lo)

phase for each probe. The values were obtained by averaging at least three

GUV sections.
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presence of multiple domains could not be accounted for by

the time elapsed between sample preparation and imaging.

For the same time elapsed between preparation and imaging,

a greater number of trans lipid samples had multiple domains

than their cis counterparts. As is suggested by the narrower

distribution of curvatures, increased membrane bending

modulus in the presence of trans lipids could inhibit close

approach of curved domains, decreasing the coalescence

rate. The presence of a larger fraction of vesicles with

multiple domains in trans GUVs than in cis GUVs may be

due to either a reduced domain coalescence rate and/or a

greater initial number of domains in the presence of trans
DOPC. Rafts are lo domains in the membrane with distinct

compositions; they are formed due to lipid-lipid immiscibil-

ity giving rise to lateral inhomogeneities (7). Since domain

coalescence is involved in certain cell functions such as

signal transduction (9), inhibition of domain coalescence is

one way that trans lipids could perturb cell function.

lo/ld area fractions and probe partitioning

Since trans DOPC does not affect the relative area fractions

of lo and ld phases, we conclude that it does not act like the

saturated lipid egg sphingomyelin. The question that conse-

quently arises is into which phase(s) trans DOPC partitions.

If trans DOPC were to act similarly to a saturated lipid (such

as egg sphingomyelin), one would expect it to partition

strongly into the lo phase and result in an increase in lo area

fraction in trans GUVs compared to cis GUVs. However, the

observed relative lo/ld area fractions are similar for both,

indicating that trans DOPC probably partitions into both

phases. Moreover, both phases experience changes in cur-

vature distributions when trans DOPC is present, further

strengthening the idea that trans DOPC could be present in

both.

Trans lipids decrease the ld/lo intensity ratio values of the

fluorescent probes BFL-Spm and BTR-Spm and increase the

value for Rh-DOPE. Rh-DOPE partitions strongly into the ld
phase, whereas BFL-Spm and BTR-Spm partition into both.

The intensity of a probe in a particular phase is proportional

to the product of the concentration and the brightness. The

brightness is in turn influenced by the lipid environment that

the probe experiences. Trans lipids either alter partitioning of

the probes studied here, change the lipid environment in such

a way that the brightness of the probes is affected, or both.

Trans DOPC could perturb cell function by altering mem-

brane parameters, since protein function in membranes is

influenced by membrane properties such as the composition

and local order in the lipid environment (37).

Potential applications of BFL-Spm, BFL-TR,
and Rh-DOPE probe combinations

For imaging applications where determination of the location

of the phase boundary is crucial, the BFL-Spm/Rh-DOPE

combination is advantageous due to the strong partitioning

behavior of Rh-DOPE, which makes identification of the ld
phase straightforward. We observe similar results using two

different probe combinations, indicating that in comparing

vesicles with and without trans lipids, the choice of probes

used does not strongly alter the observed differences. On the

FIGURE 8 BFL-Spm and BTR-Spm show similar flu-

orescence distributions in GUVs. BFL-Spm and BTR-Spm

partition into both the phases and show similar fluores-

cence intensity profiles. The profiles shown in the figure

mirror the general trend observed in GUVs with the BFL-

Spm/ BTR-Spm probe combination. For cis, the total area

is ;7655 mm2, with ld fraction 0.43 and lo fraction 0.57;

BFL-Spm and BTR-Spm ld/lo intensity ratios are ;1.61

and ;2.16, respectively. For trans, the total area is ;4535

mm2, with ld fraction 0.67 and lo fraction 0.33; BFL-Spm

and BTR-Spm ld/lo intensity ratios are ;1.28 and ;1.74,

respectively. The above values correspond to the GUV

sections shown in the figure.
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other hand, one can also use the minimum possible probe

concentration to avoid perturbation of the system by the

probes. FCS measurements can be carried out at extremely

low probe concentrations (,0.1 molecules/mm2), followed

by much higher concentrations (.100 molecules/mm2) to

test whether membrane properties change over a wide range

of probe concentrations. Determination of useful probe com-

binations for such measurements is therefore a useful first

step. The dye pair BFL-Spm and BTR-Spm has potential for

applications where double-labeling of the same domain with

two probes is desirable (e.g., energy transfer or fluorescence

cross-correlation spectroscopy).

SUMMARY

Trans unsaturated lipids mediate membrane properties dif-

ferently than their cis counterparts. Trans lipids induce un-

usual vesicle morphologies that differ from the typical

circular and truncated shapes observed in their absence, and

they have an especially strong effect on membrane curvature

in the lo phase near the phase boundary. There, trans lipids

induce significantly negative (,�0.5 mm�1) meridional cur-

vatures, and occasional strongly curved membrane invagina-

tions. Compared to cis, greater numbers of multiple domains

are observed in the presence of trans DOPC, potentially due to

reduced domain coalescence rates. Fluorescent probe distri-

butions reveal that the ld/lo intensity ratio values are also

altered in the presence of trans DOPC. These results could be

important for understanding how trans lipids affect cellular

functions that are controlled by curvature, such as fusion,

fission, and endocytosis. Future experiments could investigate

higher mole fractions of trans lipids. It has been shown that

trans isomers of the polyunsaturated trans fat linoelaidic acid

are associated with a greater risk of cardiac arrest than trans
isomers (e.g., elaidic acid) of the monounsaturated trans fat

oleic acid (17), suggesting that they possess different bio-

physical properties. Experiments incorporating and compar-

ing different types of trans lipids would be highly beneficial

in unraveling the connection between trans fats and cellular

function.
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