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Abstract

Involved in a number of diverse metabolic and functional contexts, farnesol is a central component of the mevalonate pathway, post-

translationally attaches to proteins, and affects a number of other membrane-associated events. Despite farnesol’s biological implications, a

detailed analysis of how farnesol affects the physical properties and phase behaviour of lipid membranes is lacking. As 2H-NMR spectra are

sensitive to molecular motions and acyl chain orientation, they can be used to measure the degree of molecular order present in the system.

Also, since the 2H-NMR spectra of fluid and gel phase lipids are very different, they are sensitive probes of membrane phase equilibrium and

can be used to determine fluid–gel phase boundaries. In this study, dimyristoyl phosphatidylcholine-d54 (DMPC-d54) bilayers containing

varying concentrations of trans– trans farnesol (2.5–20.0 mol%) are investigated over a range of temperatures (8–30 jC). Analysis of these
spectra has led to the construction of a farnesol-DMPC-d54 temperature–composition plot. We show that increasing concentrations of

farnesol induce a decrease in the fluid–gel phase transition temperature and promote fluid–gel coexistence. Interestingly, farnesol does not

seem to affect the quadrupolar splittings (DvQ) in the fluid phase, i.e., the organization of farnesol within the bilayer and its interaction with

phospholipids does not appreciably influence acyl chain order in the fluid phase.

D 2004 Elsevier B.V. All rights reserved.
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1. Introduction

From its non-specific action upon the activity of various

ion channels [1–4] to its effect in preferentially inducing

apoptosis in cancer cells [5–7], farnesol is implicated in a

large variety of membrane-related biological processes. This

15-carbon isoprenoid (Fig. 1) plays a vital role in the

mevalonate pathway—it is the precursor of sterols, dolichol,

and vitamins E and K1 and may regulate cholesterol

synthesis through its interaction with 3-hydroxy-3-methyl-

glutaryl-coenzyme A (HMG-CoA) reductase [8–10]. Far-

nesol also plays a role in the regulation of gene expression

[11,12].

Furthermore, a wide range of proteins (including Ras,

nuclear lamins, and the g-G-protein subunit) are post-

translationally modified by farnesol. Farnesylation renders

proteins functionally active and targets their association
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with the membrane, a necessary step in both protein

function and signal transduction [13–15]. The biological

activity of farnesol is well recognized, yet to date, there

have been very few biophysical studies of how this com-

pound interacts with membranes.

Investigations of the conformation and dynamics of

isoprenoid probes (including farnesol) in membranes by

electron paramagnetic resonance (EPR) [16,17] and deute-

rium nuclear magnetic resonance (2H-NMR) [18,19] attest

to farnesol’s integration into the lipid bilayer but haven’t

provided much insight into how farnesol affects mem-

branes. Using calorimetry, it has been demonstrated that

farnesol influences the physical properties of DMPC

bilayers. In particular, the main fluid–gel phase transition

temperature (Tm) is lowered and broadened [20]. In gen-

eral, how the introduction of branched compounds affects

membrane phase behaviour and lipid acyl chain order in

the membrane’s fluid phase remains unclear. Increasing

concentrations of farnesol have been reported to decrease

fluorescence anisotropy in extracted human leukemia

CeM-C1 cell membranes [20], yet a 2H-NMR study has

indicated that incorporation of branched phytol or phytanic



Fig. 1. Structure of trans– trans farnesol.
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acid increases the order parameters of 1-palmitoyl(-

stearoyl)-2-[2H31] palmitoyl-sn-glycero-3-phosphocholine

(PC-d31) membranes [21]. These studies provide evidence

that branched chain compounds like farnesol affect the

membrane’s physical properties, but there is a need for a

more refined understanding of how farnesol influences

lipid phase behaviour on a molecular level.

Deuterium NMR (2H-NMR) provides an excellent

method of learning more about lipid acyl chain confor-

mation, orientational order and dynamics. Bilayer mem-

branes exhibit a broad spectrum of molecular motions

such as lateral and axial diffusion, chain isomerization,

and local bilayer director fluctuations. Motions which are

fast on the spectroscopic time scale will average or

reduce the quadrupolar interaction. In the limit of rapid

isotropic reorientation, for example, the quadrupolar split-

tings (DvQ) are reduced to zero. In contrast, at sufficient-

ly low temperatures the quadrupolar splittings reach their

maximum value DvQ = 126 kHz. In this way the degree

of motional averaging is reflected in the shape and

breadth of the NMR spectrum. For chain perdeuterated

lipids, a narrow spectrum consisting of a superposition of

powder pattern line shapes with well-defined doublets

(DvQ from 1 to 30 kHz) is characteristic of the fluid

phase. In the gel phase the individual doublets are not

resolved, resulting in a characteristically broad, bell-

shaped spectrum having splittings of about 63 kHz and

smoothly rounded shoulders. Provided that molecules do

not exchange between domains on the spectroscopic time

scale, the coexistence of gel and fluid phases is seen as

the super position of these characteristic gel and fluid

phase spectra. NMR is thus a useful tool for monitoring

the phase behaviour and phase boundaries of lipid

mixtures [22–26]. Information obtained from such studies

provides a basis for the understanding not only of the

lateral organization of membranes but also of the molec-

ular interactions between membrane components. Until

now no thorough analysis of farnesol-DMPC phase

behaviour has been undertaken.

In this paper, we present a 2H-NMR study of trans– trans

farnesol in dimyristoyl phosphatidylcholine-d54 (DMPC-

d54) bilayers in the presence of excess phosphate buffer.

Farnesol is found to decrease the main phase transition

temperature (Tm) and induce a broad gel-phase coexistence

region. In the fluid phase, farnesol does not significantly

alter the acyl chain quadrupolar splittings even up to

concentrations of 20 mol%. The temperature–composition

plot obtained illustrates farnesol’s marked effects upon the

phase behaviour of DMPC bilayers.
2. Methods

2.1. Sample preparation

Trans– trans farnesol (96%) and organic solvents were

products of Sigma-Aldrich (Oakville, ON). DMPC-d54 was

obtained from Avanti Lipids (Birmingham, AL) and used

without further purification. Farnesol was dissolved in eth-

anol to create a stock solution (1.46 mg/ml). DMPC-d54 was

then dissolved in appropriate volumes of this solution to

produce samples of varying farnesol concentrations [2.5–20

mol%]. Samples were rotovapped for about 30 min and

there-after placed in a vacuum for at least 12 h to evaporate

all traces of solvent. Accurately weighing the sample before

and after solvent evaporation confirmed that farnesol does

not evaporate during this process. The dried lipid–farnesol

mixture was transferred to an Eppendorff tube. A potassium

phosphate monobasic-sodium hydroxide buffer (0.05 M, pH

7.00F 0.01 at 25 jC, Fisher Scientific, Nepean, Canada)

was added at a 4:3 lipid/buffer weight to volume ratio. Using

a thin glass stirring rod, the sample was alternately mixed

and centrifuged until homogeneous; it was then spun down

into small glass tubes and tightly sealed with a red rubber

stopper (Fisher Scientific). The total sample mass was

consistently between 60 and 80 mg. In the case where the

lipid mass was significantly less than this, the number of

scans was increased to achieve a similar signal-to-noise ratio.

2.2. 2H-NMR methods

Spectra were acquire data frequency of 76.77 MHz on a

500 MHz Bruker Avance Spectrometer (Bruker Bio spin,

Milton, ON). Experiments were run from higher to lower

temperatures (typically from 30 to 8 jC). Samples were

equilibrated for 15 min before the first scan and at least 10

min between temperatures. A quadrupolar echo pulse se-

quence [27] was used with a 90j pulse length of 2.4 As, pulse
separation s = 15 As, and repetition time of 1.5 s.

Acquisition was begun well before the top of the echo

[28]. The number of scans varied depending on the phase of

the sample: 512 scans were run on liquid crystalline samples

while the gel phase required 1024 scans. Complex free

induction decay signals (FIDs) were first phase-adjusted in

the time domain so that the imaginary part of the signal was

zero at the echo peak. The FIDs were then shifted so they

were symmetric about the point of the echo maximum and

points before the echo maximum were discarded [28,29]. A

Fourier transform then yields a frequency spectrum with an

undistorted baseline [30]. With the baseline corrected to have

zero average value, the Nth moment was calculated using the

expression

MN ¼

Z þxL

�xL

f ðxÞAxANdx

Z þxL

�xL

f ðxÞdx
ð1Þ
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where f(x) is the experimental spectrum and FxL are the

frequency limits of the spectrum. Oriented spectra were

obtained from the powder spectrum by dePake-ing [31,32].
3. Results and discussion

Spectra characteristic of DMPC-d54 in both the fluid and

gel phase are illustrated in Fig. 2A and B. Above Tm, the

quadrupolar splitting (DvQ) can range from f 1 kHz for the

terminal methyl group to f 25 kHz for the methylene

groups near the lipid–water interface. Peaks arising from

the methyl and many of the methylene groups are well-

resolved. The variation of these splittings with chain posi-

tion is due to the gradient in molecular motion and chain

flexibility characteristic of the lipid bilayer fluid phase.

Immediately below Tm, the spectrum becomes much

broader (methylene group splittings DvQ f 60 kHz) and

less finely structured. As the lipid chains become more

restrained in their motions, the dynamical time scales

become comparable to the NMR time scale. Consequently,

the line width of each individual quadrupolar doublet is

larger and the methylene peaks are not as distinctly re-

solved. The transition from fluid to gel phase for pure

DMPC-d54 occurs over less than one degree in the range

from 20.5 to 19.5 jC.
If the two types of domains occurring in a two-phase

(fluid–gel) coexistence region are static, i.e., the molecules

making up each of the two types of domain remain localized

within that domain for times long compared to the NMR

time scale, then the 2H-NMR spectra provide a simple

quantitative means of measuring the properties of these

domains. On the other hand, if one or both of the molecular

components of these domains are free to exchange, by

diffusion, between the two types of domains, then the

situation is somewhat more complicated and the NMR

spectra are more difficult to interpret. For example, in the
Fig. 2. 2H-NMR as a monitor of membrane phase behaviour: 2H-NMR

spectra of DMPC-d54 in excess buffer in (A) the fluid phase, T= 20.5 jC,
and (B) the gel phase, T= 19.5 jC.
present system, if farnesol rapidly diffuses in and out of both

types of domains then the local concentration of farnesol

within a particular domain may fluctuate with time. Within

the two-phase region the thermodynamic character of either

type of domain is quite sensitive to the concentration of

farnesol. Consequently, the contribution to the 2H-NMR

spectrum arising from lipids within such a domain will

experience a broadening not present in domains of fixed

composition. A similar effect arises if the DMPC molecules

are free to exchange between types of domains on the NMR

time scale. In that case the contribution to the NMR

spectrum arising from those lipids will be averaged over

the two environments. In the presence of exchange of either

of the molecular components, the NMR spectrum will be

somewhat broadened and it will become difficult to quan-

titatively separate the fluid and gel components of the NMR

spectra within the two-phase coexistence region.

The addition of farnesol does, in fact, broaden the

temperature range over which the phase transition occurs

as it creates a fluid–gel coexistence region. Within this

two-phase coexistence region, the NMR spectra do pos-

sess components characteristic of each of the gel and

fluid phases. For example, the inclusion of 12.5 mol%

farnesol (Fig. 3) results in a two-phase coexistence region

covering a range of temperatures from 17.5F 0.5 to

9.5F 1.5 jC. As the temperature is lowered through this

range, the ratio of gel to fluid components in the spec-

trum increases until the sharp peaks characteristic of

fluidity disappear and the broad shoulders denoting the

gel phase dominate the spectral line shape. Progressively

increasing concentrations of farnesol broaden this two-

phase region to a larger extent. Farnesol partitions pref-

erentially into the fluid phase, stabilizes the fluid phase to

lower temperatures, and promotes fluid–gel phase coex-

istence. This results in a depression of the onset of the

main phase transition so that the two-phase line (fluidus)

marking the boundary between the fluid phase and the

two-phase coexistence region extends to lower temper-

atures as farnesol concentration is increased. This effect

has also been observed using differential scanning calo-

rimetry ([20], Rowat and Ipsen, private communication).

Farnesol’s tendency to promote fluidity is illustrated in

the concentration dependence shown in Fig. 4. At a given

temperature within the two-phase coexistence region (e.g.,

at T= 16 jC as in Fig. 4), the 2H-NMR spectra show that the

proportion of fluid phase increases with farnesol concentra-

tion. At low concentrations (e.g., 2.5 mol%), the effects of

farnesol appear subtle—the methyl peaks of this predomi-

nantly gel-phase spectrum grow slightly sharper and the

broad gel phase shoulders become slightly more angular. At

5.0 mol% farnesol, these shoulders begin to peak. At a

farnesol concentration of 7.5 mol%, it is evident that the

spectrum contains two components, one characteristic of the

gel phase, the other of the fluid phase. As farnesol content is

further increased the intensity of the fluid phase component

grows at the expense of the gel phase component. At and



Fig. 4. Increasing concentrations of farnesol stabilize the fluid phase. 2H-

NMR spectra of varying concentrations of farnesol-DMPC-d54 mixtures at

16.0 jC. (A) DMPC-d54; (B) Xfsl = 0.025; (C) 0.050; (D) 0.075; (E) 0.125;

(F) 0.150; (G) 0.200.

Fig. 3. 2H-NMR spectra illustrating the temperature dependence of 12.5

mol% farnesol in DMPC-d54. (A) T= 24.0 jC; (B) 19.0 jC; (C) 18.0 jC;
(D) 17.0 jC; (E) 16.0 jC; (F) 15.0 jC; (G) 14.0 jC; (H) 11.0 jC.
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above 15 mol% farnesol, the spectra at 16 jC are indicative

of the fluid phase. While this behaviour is reminiscent of

other model membrane systems, there is a significant

difference between the 2H-NMR spectra observed here for

the farnesol/DMPC fluid–gel coexistence region and those

typically observed in the fluid–gel coexistence regions of

DMPC/DSPC (1,2-distearoyl-sn-glycero-3-phosphocholine)

[33], DPPC/cholesterol [34], or peptide/phospholipid [35,

36]. In those studies, the two component spectra observed at

any given temperature within the two-phase region could be

readily decomposed using difference techniques [35] into

endpoint spectra corresponding to the tie-line endpoint

concentrations at that temperature within the two-phase

coexistence region. In the case of farnesol/DMPC, inspec-

tion of the fluid phase component of the spectra obtained for

different farnesol concentrations at a given temperature

within the two-phase region (see Fig. 4) reveals that the
fluid phase component of the spectra varies slightly with

farnesol concentration. This is most easily seen by looking

at the narrow doublet corresponding to the terminal methyl

groups whose quadrupolar splitting decreases slightly with

increasing farnesol concentration. In this situation, spectral

subtractions are clearly impractical, since the component

spectra are not independent of concentration, and the

endpoint spectra and concentrations cannot be determined

by difference spectroscopy. The fact that the fluid phase

component of the spectra in this two-phase region is

concentration-dependent is probably due to rapid exchange

of molecules between the two coexisting types of domains.

Since farnesol is significantly smaller than the phospholipid,

it seems most likely that diffusion of farnesol between fluid

and gel phase domains results in fluctuations in composi-

tion, blurring the distinction between the two types of



Fig. 6. (a) Depaked spectrum of DMPC-d54 at T= 24.0 jC. Peaks 1–5

were identified in spectra representative of increasing concentrations of
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domains. At temperatures and compositions near the two-

phase lines separating the two-phase region from either the

fluid phase on the high-temperature side (fluidus) or from

the gel phase on the low-temperature side (solidus), the

domains may be quite small, making this effect even more

pronounced and making it difficult to cleanly identify the

phase boundaries.

The first moment provides a more quantitative descrip-

tion of the average orientational order in the fluid phase

whereM1 values are proportional to the average quadrupolar

splitting and to the average C–D bond order parameter,

SCD[29]. Moreover, as shown in Fig. 5, they are a sensitive

measure of the onset of the phase transition or of a two-

phase coexistence region. At the main phase transition of

DMPC-d54 (Tg19 jC), there is an abrupt increase in M1 by

nearly a factor of two as the temperature is decreased. From

an examination of Fig. 5, it is clear that this transition

becomes more gradual with increasing farnesol concentra-

tion due to the emergence of the two-phase coexistence

region. For temperatures and concentrations below the two-

phase region, where the system is in the gel phase, the value

of M1 decreases markedly with increasing farnesol concen-

tration. This reflects either an increase in the degree of

molecular disorder within the gel phase, or significant

changes in the rates and/or types of molecular motion which

occur in the gel phase.

On the other hand, varying the concentration of

farnesol in the fluid phase has little effect on the first

moment. Fluid phase spectra taken at 24 jC, were

numerically dePaked [31,32] to obtain the oriented spectra

shown in Fig. 6a. The quadrupolar splittings of the five

peaks identified in the figure were measured as a function

of farnesol concentration.

Comparing the splittings observed for the sequentially

numbered peaks in Fig. 6a reveals that the splitting values,

DvQ, are independent of farnesol content typically to within

farnesol at the same temperature. (b) Quadrupolar splitting profile

(T= 24.0 jC). DMPC54 (squares); Xfsl = 0.025 (circles); 0.050 (diamonds);

0.749 (stars); 0.125 (downward triangles); 0.150 (upward triangles); 0.200

(crosses). Plotting the quadrupolar splitting of peaks 1–5 (as illustrated in

Fig. 6a), reveals that there is negligible variation in the splittings (and

therefore acyl chain order) as a function of farnesol concentration in the

fluid phase.

Fig. 5. Temperature dependence of the first moment (M1) of the
2H-NMR

spectra for various concentrations of farnesol-DMPC-d54 mixtures. DMPC-

d54 (squares); Xfsl = 0.025 (circles); 0.050 (diamonds); 0.749 (stars); 0.125

(downward triangles); 0.150 (upward triangles); 0.200 (crosses). Uncer-

tainty of the M1 values is less than 1% (within the size of the symbols).
f 3% (except for the methyl group where the variation is

approximately F 5%), as shown in Fig. 6b. Since the fluid

phase is characterized by axially symmetric reorientation of

the lipids about the local bilayer normal, the mean quad-

rupolar splitting is proportional to the lipid hydrocarbon

chain order parameter, SCD, at the labelled position [29,30].

Thus, farnesol has a negligible effect on the orientational

order of DMPC-d54 acyl chains in the fluid phase.

These findings are in contrast to those obtained from a

steady-state 1,6-diphenyl-1,3,5 hexatriene (DPH) fluores-

cence polarization investigation on lipids extracted from

CEM-C1 cells (derived from acute T-cell leukemia cells).

Using DPH as a probe, this study revealed that farnesol
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induces a decrease in the fluorescence an isotropy [20]. 13C

NMR spin-lattice relaxation measurements of the effects of

the similarly branched molecules, phytanic acid and vitamin

E (D,L-a-tocopherol), on lecithin bilayers indicated that

these compounds increase the lipid chain 13C relaxation

times above Tm, presumably by disrupting hydrocarbon

chain packing [37]. However, a 2H-NMR study of the

influence of the somewhat longer, saturated molecules

phytol and phytanic acid on 1-palmitoyl (stearoyl)-2-

[2H31] palmitoyl-sn-glycero-3-phosphocholine suggested

that at concentrations of 20 mol% these compounds induce

acyl chain order in the fluid phase, as they increase the mean

order parameter, <SCD> by f 9% at 50 jC [21]. Studies of

the effects of saturated alcohols of roughly equivalent length

(having between 12 and 16 backbone carbons) reveal a

tendency for shorter chain alcohols to slightly decrease and

longer chain alcohols to slightly increase order parameters

as determined by EPR spectroscopy in both egg PC/choles-

terol [38] and extracted biological membranes [39]. On the

other hand, alcohols with a chain length of 12 carbons were

observed to exert no significant effect on order parameters

in egg PC/cholesterol bilayers [38].

To gain a deeper understanding of how farnesol influen-

ces lipid phase behaviour, a temperature–composition plot

was constructed and is shown in Fig. 7. By visually

inspecting the spectra, the temperatures of the onset of the

gel phase and disappearance of the fluid phase components

were determined. The presence of a gel phase component

(see expanded section in Fig. 3) is indicated by a gradual

increase in intensity of the spectrum at frequencies in the

frequency range from about F 32 to F 26 kHz where there

is normally no intensity for a fluid phase spectrum. On the

other hand, the fluid phase is easily identified by the sharp

terminal methyl group 90j edges near F 3 kHz, and by the
Fig. 7. Temperature–composition plot for farnesol-DMPC-d54 [diamonds:
2H-NMR]. The fluid phase boundary (fluidus) was defined as the

temperature at which the first onset of gel phase is observed. Disappearance

of the fluid phase was used to define the gel phase boundary (solidus).
strong methylene group ‘‘plateau’s’’ 90j edge near F 24

kHz. Thus, the fluid phase component is considered to have

disappeared when the shoulders of the predominantly gel

phase spectrum slope smoothly downwards to yield the

characteristic bell shape. For example, for 12.5 mol%

farnesol (see Fig. 3), the fluidus boundary (onset of gel

phase) was determined to be at T= 17.5F 0.5 jC while the

disappearance of the fluid spectral components (solidus

boundary) was determined to be at T= 9.5F 1.5 jC. The
rather subjective nature of the procedure used to identify the

onset and completion temperatures of the two-phase region

leads to considerable uncertainty in the determination of the

phase boundaries. Starting from the fluid phase spectrum, it

is quite easy to detect a very small amount of gel phase

component, depending to some extent on the signal to noise

ratio of the spectrum. Determining the lower limit of the

two-phase region, or solidus, is considerably more difficult.

Within the limitations of this procedure, the temperature–

composition plot was found to exhibit a broadening of the

pure lipid fluid to gel phase transition into a fluid–gel two-

phase coexistence region with increasing farnesol concen-

tration. At the higher farnesol concentrations used in this

study it is possible that the system is approaching a critical

concentration of farnesol beyond which the transition be-

tween gel and fluid phases becomes continuous. At 15

mol% farnesol, the 2H-NMR spectra still exhibit a region

with a clear two-phase character, however, at the highest

concentration used, 20 mol% farnesol, the spectra change

more gradually and a clear coexistence is becoming difficult

to establish. This analysis of phase behaviour around the

main phase transition is consistent with calorimetry results

([20], Rowat and Ipsen, private communication).

A study of the slightly longer, branched compounds phytol

and phytanic acid (20 mol%) in 1-palmitoyl 1(stearoyl)-2-

[2H31] palmitoyl-sn-glycero-3-phosphocholine (PC-d31)

revealed a similar decrease in onset temperature and broad-

ening of the main phase transition [21]. While plots of M1

versus temperature shown in that study are similar to those

obtained for farnesol in DMPC-d54, there is a notable excep-

tion in that incorporation of the saturated chain phytol and

phytanic acid tends to increase the value of M1 in the fluid

phase.

It is evident that farnesol has a unique effect upon the

lipid bilayer. While lowering and broadening the phase

transition, farnesol leaves the quadrupolar splittings in the

fluid phase unchanged (Fig. 6b), suggesting that lipid

conformation, dynamics and orientational order above Tm
remain relatively unperturbed. This effect is in stark contrast

to that due to incorporation of cholesterol and saturated fatty

acids, which tend to promote more ordered lipid phases and

which, like farnesol, can also be post-translationally at-

tached to proteins. It should be noted in this regard that

the fact that increasing farnesol concentration lowers the

temperature of the fluidus phase boundary is a result of the

preferential partitioning of farnesol into the fluid phase.

Thus the lack of any influence of farnesol concentration on
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lipid chain order in the fluid phase is not due to the

exclusion of farnesol from that phase.

3.1. Farnesol versus cholesterol

The cholesterol/DPPC phase diagram exhibits a narrow

two-phase region at low cholesterol concentrations, and a

three-phase line between f 7 and 20 mol% cholesterol,

which lies about 1j below the pure lipid chain melting

transition, Tm [34]. Such a phase diagram is the result of the

fact that at low concentrations, cholesterol is nearly equally

as soluble in the liquid disordered phase (S d or fluid) as it is
in the solid ordered phase (so or gel) [34,40]. At high

cholesterol concentrations (i.e., z20 mol%), the distinct

phase has a level of molecular order which is comparable

to that of the so phase but the molecules experience rapid

axially symmetric reorientation about the bilayer normal and

rapid lateral diffusion rates more typical of the S d phase. At
intermediate concentrations (10–20 mol%), there is a two-

phase S d -S o coexistence region for temperatures just above

the three-phase line, and so-S o phase coexistence just below
the three-phase line. It is clear that at high concentrations

(z20 mol%), cholesterol favours the S o over the so phase

[40]. This behaviour is in contrast to that resulting from the

addition of farnesol which preferentially partitions into and

stabilizes the fluid (S d) phase.
2H-NMR experiments reveal a dramatic increase in the

molecular order parameters (quadrupolar splittings) within

the S d phase with increasing cholesterol concentration.

Farnesol, on the other hand, is seen to have little effect

upon quadrupolar splittings in the S d phase and induces a

broad two-phase coexistence region at temperatures below

the pure lipid Tm. It is evident that the different molecular

properties of cholesterol and farnesol influence lipid behav-

iour in strikingly different ways.

3.2. Farnesol versus saturated fatty acids

Studies of saturated fatty acids—roughly equivalent in

length to farnesol but lacking the branched methyl groups—

reveal that 14-carbon myristic acid modifies DMPC lipid

phase behaviour in a way opposite to farnesol. At similar

concentrations, up to about 20 mol%, this compound

promotes lipid ordering and stabilizes the gel phase, so that

the onset of the fluid to gel chain melting transition

increases with myristic acid concentration [41].

3.3. Implications

This contrast between the effects of farnesol and saturat-

ed fatty acids or cholesterol on phospholipid phase behav-

iour is particularly significant in the context of studies of

detergent-resistant membranes (DRMs) or lipid ‘rafts’. Hav-

ing a composition rich in sphingolipids and cholesterol,

these domains, which have been postulated to be in the

liquid ordered or S o phase, were first detected using deter-
gent insolubility tests [42]. Physical evidence of lateral

membrane organization in both model [43–46] and biolog-

ical systems [47–49] substantiate these findings (for a

recent review, see Ref. [50]). Such raft domains are thought

to play a role in the spatial organization of proteins im-

portant for signal transduction and membrane transport

processes [51–54]. The post-translational lipid modification

of proteins can act to modulate protein membrane associa-

tions. Specifically, the lipid chain which attaches to the

protein potentially can determine the selective targeting of

proteins to lipid domains: proteins and peptides attached to

saturated chains preferentially partition into ordered lipid

domains whereas prenylated proteins/peptides are excluded

from these lipid domains[47,55,56]. The clustering at the

nanometer scale of prenylated proteins in live cells has been

detected [47], and this clustering was observed to persist

even after cholesterol extraction suggesting that prenyl

moieties may promote phase segregation.

In light of some of the effects on membrane phase

equilibria discussed above, these observations are not sur-

prising. It is clear that farnesol prefers the fluid (S d) phase.
In contrast, saturated fatty acids promote and stabilize the

gel (so) phase. These different effects on membrane phase

behaviour may provide insight into the mechanism of

protein targeting to subcellular sites [47].

3.4. How is farnesol organized in the membrane?

This study provides insight into how lipid phase behav-

iour responds to the presence of farnesol. Another aspect

which needs to be considered is the organization of farnesol

within the lipid bilayer. Experimental evidence indicates that

farnesol strongly partitions into the bilayer ([18,20]; Rowat

and Ipsen, private communication). It is likely that farne-

sol’s polar headgroup serves as an interfacial anchor, facil-

itating the alignment of the isoprenoid chain roughly

parallel to or along the lipid acyl chains. This conformation

would be in accordance with that of long chain saturated

alcohols in membranes. Whether farnesol is intercalated

between phospholipid chains in this fashion, or integrates

instead into the bilayer interior between the two leaflets

could be detected either as a decrease in phospholipid

headgroup lateral density or a thickening of the bilayer

using X-ray diffraction techniques.

On a mesoscopic scale, it is certain that domains of

differing composition form to accommodate fluid–gel

phase coexistence. Whether farnesol induces microdomain

formation in the one-phase regions (S d or so), cannot be

easily determined by NMR if molecular exchange between

the domains occurs on a time scale shorter than that of the

NMR experiments. In the case of fluid–fluid phase coexis-

tence, the characteristics of the NMR spectra may be so

similar that it becomes impossible to distinguish between

coexisting components. The relevant NMR time scale for

the detections of the effects of diffusion or exchange of

lipids between coexisting domains depends on the spectro-
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scopic differences characteristic of those domains. For

example, if the 2H-NMR quadrupolar splitting in one

domain is 10 kHz larger than in another, then an approxi-

mate time scale of 0.1 ms is defined by this difference. If the

difference in quadrupolar splittings is only 1 kHz, then the

effective time scale is 10 times longer (1 ms). The shorter

the time scale the less important such diffusion effects

become, and the smaller the domain size necessary before

those effects become visible in the NMR spectrum.

While we cannot yet establish whether or not such

microdomains are formed, we can estimate a lower limit

on the size of any microdomain by considering the root

mean squared distance a lipid can diffuse during the NMR

time scale. In the case of the fluid phase, where we see

sharply defined quadrupolar powder pattern line shapes, we

can define this time scale to be approximately equal to the

transverse relaxation time, T2, which typically has values of

less then 0.5–1 ms [30]. During this length of time, using

the typical fluid phase lateral diffusion constant Dc 5�
1012 m2/s, a lipid molecule can diffuse about 100 nm. If the

domains are smaller than this, we would expect to see a

single average environment. If the domains were signifi-

cantly larger than this we would potentially see two environ-

ments, provided that the lipids in the two environments had

measurably different degrees of chain order. Experimentally,

except for within the fluid–gel two-phase coexistence

region, we see one average environment. This could indicate

either the existence of one average environment or two

environments which have very similar degrees of chain

order (for example, a fluid–fluid coexistence region). It

should be noted that the clustering of prenylated proteins in

live cells has been detected at the nanometer scale [47]. The

existence of isoprenoid domains would indeed substantiate

these observations and theories of lipid-driven protein

targeting.

It is notable that the quadrupolar splittings, which are

proportional to the degree of acyl chain order [30] and

correlated to the bilayer thickness[57,58], remain unchanged

in the fluid phase (T= 24 jC). In a biological context, the

existence of microdomains within the fluid phase would

suggest that farnesol could modulate the membrane associ-

ation of proteins without dramatically perturbing membrane

structure.
4. Conclusion

This 2H-NMR investigation of farnesol in DMPC-d54
membranes demonstrates how this 15-carbon isoprenoid

affects lipid phase behaviour. Increasing concentrations of

farnesol (up to 20 mol%) progressively decrease and broaden

themain phase transition region indicating the emergence of a

fluid–gel phase coexistence region. This is quantified by the

temperature–composition plot presented here. In the coexis-

tence region, below the chain-melting transition temperature

of the pure lipid, 2H-NMR spectra consist of a superposition
of two components, one characteristic of the Wd or fluid

phase, the other of the so or gel phase. As a result, the values

of M1 within the coexistence region are smaller than those

seen at the same temperature in the so phase. The variation of

the fluid phase component of the spectrum in this two-phase

region with sample composition suggests that molecular

exchange between fluid and gel phase domains is important,

especially near the phase boundaries where domain size

might be expected to be small. Well within the gel phase

the value of M1 is quite sensitive to the farnesol concentra-

tion, suggesting a significant influence on molecular motion

and/or molecular order within that phase. In the fluid phase,

however, the quadrupolar splittings (DvQ) and M1 values are

independent of farnesol concentration. Investigations by 13C-

NMR or 2H-NMR of deuterated farnesol would help to

elucidate farnesol’s conformation and dynamics throughout

all regions of the temperature–composition plot. Further

studies of this model systemwill continue to provide valuable

insight into the fundamentals of lipid–isoprenoid interactions

occurring in membranes.
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