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A Molecular View of Cholesterol-Induced Condensation in a Lipid Monolayer
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We investigate the intermolecular interactions in a mixed phospholipid/cholesterol monolayer using the surface-
specific technique of vibrational sum frequency generation. This technique allows us to monitor the
conformational and orientational order in the phospholipid as the surface pressure and cholesterol content are
varied. We find a disproportionally large increase in phospholipid molecular order upon addition of relatively
small amounts of cholesterol, a witness to the condensation effect at the molecular level.

The cholesterol content of the plasma membrane of eukaryotic already occurring at remarkably low cholesterol content. Previ-
cells can be as high as 40 mol »Cholesterol is a key  ous second harmonic studies have demonstrated that the
membrane constituent that provides the cell with a means to presence of 50% cholesterol in a phospholipid bilayer increases
modify essential membrane propertt€sA detailed understand-  the molecular transit time across the bilayer by a factor of 6,
ing of the effect of cholesterol on the structure and organization compared to a cholesterol-free bilay®r.

of lipid layers is therefore essential for a thorough comprehen- 110 vsEG experiments were performed using p-polarized

sion .Of zrielgnbrgnes, agq algcord(ijngly has reczicehived_ gnucdh 120 fs (3uJ) infrared pulses with a spectral width of 180¢m
attention?* Previous studies have demonstrated that, indee ' (fwhm), centered at 2930 crhy, and s-polarized, 3.5, 800

cholesterol plays a key role in controlling membrane fluidity, nm (VIS) pulses with a spectral width of 11 ch(repetition

permeability, and mechanical strength. In particular, the incor- ate: 1 kHz). The IR and VIS pulses were focused down to 0.4
poration of cholesterol in membrane layers leads to an increased 2 <" ' . pulse Lo
ordering of the hydrocarbon chains of lipids and to a reduction and 0.8 mm begmwalsts, respectively, and were both incident
in the area per molecule (partial molar area) for monolayers, ata 55 angle W'th. respect to the surface qormal. Spectra were
the so-called condensation effect. In addition, cholesterol obtained by focusing the generated SFG light onto the entrance
slit of a spectrometer, which dispersed it onto an intensified

broadens and eventually eliminates the liquid-to-solid-phase ;
transition of phospholipid membran&<. charge coupled device (CCD) camera. Spectra are averages of
100 s.

Various techniques have been used to explore the molecular ] ) )
nature of cholesterol/phospholipid interactions that give rise to  For the monolayers, binary solutions of DPPC (obtained from
the modified behavior. NMR studies have provided detailed Avanti Polar Lipids, Birmingham, AL) and deuterated choles-
information on the important role of hydrophobic interactions terol (25,26,26,26,27,27,27 -D7, obtained from Cambridge
between cholesterol and phospholipids (see, e.g., refs 2 and 5)sotope Laboratory, Andover, MA) were spread from a low
and on the ordering of lipid acyl chains and possible lipid phase concentration chloroform solution (Fisher HPLC grade) onto
separation mechanisrfis? The existence of cholesterol/phos- distilled Millipore filtered water (18 M2 cm resistivity) of pH
pholipid condensed complexes has been inferred from fluores- 7, in a home-built Teflon trough (dimensions&40 cn?). The
cence phase separation studies in lipid monolay&rsand surface pressure of the system was monitored with a commercial
detailed information on possible hydrogen-bond formation surface tensiometer (Kibron, Finland). Care was taken to
between cholesterol and various lipids has been obtained usingminimize exposure of samples to air during preparation of the
molecular dynamics simulation$:2 monolayer. VSFG measurements of the monolayer were taken
Vibrational sum frequency generation (VSFG) has proven in compression mode, to ensure thermodynamic equilibrium.
to be ideally suited to study order and orientation eanaecular Fluorescence microscopy revealed homogeneous lipid distribu-
level in lipid layer system&18 Here, we employ VSFG to tions at the length scale of the VSFG experimentd@0 xm)

systematically study the effect of cholesterol on a model lipid
system: a monolayer of L-1,2-dipalmitoyl-sn-glycero-3-phos-
phocholine (DPPC, structure depicted in ref 13). We find
cholesterol-induced ordering of the phospholipid tail, a distinct
molecular signature of the well-known condensation effect,
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at all stages of compression for cholesterol concentrations
exceeding 10 mol %. The small heterogeneitiesl@ «m)
reported by othe®821for these lipid compositions were below
our imaging resolution.

Two typical experimental runs are depicted in Figure 1. The
two panels depict VSFG spectra in the-B stretching region
as a function of surface area per DPPC molecule, without (left)
and with 20 mol % cholesterol (right). For all data sets shown
in this report, the spectrum with the smallest area per DPPC
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0% cholesterol 20% cholesteroal probed by the methyl stretch is influenced by both the gauche
~100% chol. kinks as well as possibly the orientational motion of the lipid
Ly | , M ' Area molecule as a whole. As will be shown below, the correlation
B /,\JL \ per DPPC between the two provides insight into the relative importance
i == | noleey of gauche kinks on the orientational order.
e It is evident from Figure 1 that the effect of cholesterol on
] per DPPC phospholipid orientational order is dramatic: whereas for pure
S 400 molecule | L DPPC the CHintensity dominates only at very high compres-
8 W : sion, and disappears very suddenly for larger surface areas, the
. e . lilles variations in CH intensity are much more gradual for the sample
200 [ . — ~ __//\W i ?5 with 20% cholesterol.
N ) ¥ A —M 1 This effect can readily be quantified through the intensities
0 ._J\}"\_ﬁl il ‘: 2 of the different modes obtained from established fitting proce-
' L il ' ' ' Al L L dures (black lines in Figure 1§23 the results of which are

ettt e s summarized in Figure 2. Panel A demonstrates that the decrease

IR frequency (cm) IR frequency (cm) in CHgz intensity with expansion of the monolayer is gradual in
Figure 1. SFG spectra (gray lines) and fits (black lines) of DPPC the presence of cholesterol, as discussed in the previous
monolayers as a function of surface area per DPPC molecule in the paragraph. Panel B reveals that the,@tiensity increases very
absence (left panel), and presence of 20% cholesterol (right Panel)-steeply upon decompression to level off at higher surface area;

Clearly, with no cholesterol present, the intensity of the symmetrig CH the surface area where this transition occurs depends strongly

stretch vibration (dotted arrow) increases abruptly when full compres- holesterol tent. Th It lotted i | C of
sion is reached. With 20% cholesterol, the increase is gradual. For theon cholesterol content. e r_esu s are _re-p otte "_] pane 0
latter, some of the signal originates from cholesterol itself, which is Figure 2 to reveal that there is a negative correlation between

not fully deuterated. Its contribution to the symmetric Gittetch signal the CH and CH intensities, irrespective of the cholesterol

is nil, as shown in the inset for a compressed cholesterol monolayer. concentration. This indicates that the main factor in the decrease
Its contribution to the symmetric Gttretch signal (dashed arrow) is  jn the orientational order is the appearance of gauche defects,
significant for cholesterol contents exceeding 20%, and corrected for 5,4 not tilting of entire lipid molecules. This observation is in

in the analysis. agreement with previous reports that in phosphatidylcholine
bilayers the phospholipid headgroup is oriented approximately
parallel to the plane of the bilay&tand that the insertion of

d cholesterol into the membrane does not change this conforma-
tion.23 Note that the 180 cri broad IR pulse is centered around
2930 cnt! so that the 2880 cmt mode is detected slightly more

molecule corresponds to a fully compressed layer with a surface
pressure of 40 mN/m.

From the data in Figure 1, it is evident that there is a marke
effect of cholesterol on the phopholipid behavior. In what
follows, we will focus on the SFG signal assigned to the o )
symmetric CH and CH stretch vibrationsgof the phgspholipids, efficiently than the 2.850 cm mode. This does not affect our
the frequencies of which are indicated as dashed,{CH850 results _and conclusions, however.
cmY) and dotted (Ckt ~2880 cnt?) arrows, respectively, in _ TV\_/o important Qbservapo_ns can be made from our data. The
Figure 1. The SFG signal from a monolayer of pure (partially first is that, despite the finite area ta_k(_en up by a cholesterpl
deuterated) cholesterol (shown for a compressed layer in themolecule, a DPPC monolayer containing 10% cholesterol is
inset in Figure 1) reveals no effects of intermolecular inter- More compressible than a monolayer of pure DPPC. This well-
actions: the shape of the spectrum remains unchanged Withknovyn effect illustrates the |nf|uenge of cholesterol on the
varying density, and the spectral intensity simply scales with Packing state of DPPC molecular chains and is generally referred
the square of cholesterol density. Cholesterol has a negligibly t0 as the “condensation effect”. The second, more surprising
small resonance at the symmetric CHtretch vibrational observation is that an increase of the molecular surfacefarea
frequency, simplifying our study. The symmetric Eirtensity from 41 to 47 R/molecule has dramatic effects on thg spectra
of cholesterol is sufficiently small to be negligible compared ©Of pure DPPC, whereas, when 10 mol % cholesterol is present,
to the signal from the phospholipids up t920 mol % the change irA from 40 through 44 to 50 Amolecule hardly
cholesterol. For higher fractions, we correct for the signal from affects the spectra: the onset of disorder in the lipid tail does
cholesterol, neglecting possible interference effects between thenot become apparent unfl = 60 A%molecule. Note that the
CH; signals of cholesterol and DPPC by assuming in our Pressure isotherms for pure DPPC and (DRRG% chol) are
ana|y5is that these are independent and additive. practically indistinguishable in this regié’ﬁ.Clearly, the pres-

Both with and without cholesterol, the signal is dominated €nce of 10% cholesterol affects the changes in the phospholipid
by the lipid acyl chain Chistretch vibrations when the layer is orientational and conformational disorder quite dramatically: for
fully compressed. Owing to the selection rules of SFG the CH @ dilute DPPC layer, the increase in order is much larger when
resonances are not SFG-active for a fully stretched, all-trans cholesterol is added than when an equimolar amount of DPPC
alkyl chain?? Inversely, the appearance of gstretch intensity IS added, despite the larger apolar volume of DPPC compared
must be due to gauche defects. This means that the Symmetriéo cholesterol. This is most clearly observed for the Sample with
CH; stretch intensity is a direct measure for tumformational 10% cholesterol and constitutes a direct molecular observation
disorderin the lipid chain. The two Chkigroups on the DPPC  ©of the long-range influence of the packing state of DPPC
headgroup are not detectable, as evidenced from selectivemolecular chains. It also demonstrates that one cholesterol
isotopic substitution of the acyl chain. The gltensity is molecule affects many DPPC molecules. Indeed, the changes
greatly enhanced when the vibrational dipoles are aligned, asupon adding additional cholesterol to the system-(20%) are
VSFG is a coherent process. Thus, thes@Mensity is a very ~ relatively small compared to the step from 0 to 10%.
sensitive probe of therientational orderin the lipid tail. Note Hydrophobic interactions appear to dominate these cholesterol
that the methylene Chistretch is sensitive to the appearance phospholipid interactions. Although hydrogen-bonding between
of gauche defects in the chain, whereas the orientational orderthe hydroxyl group of cholesterol and carbonyl groups of the



Letters
orientational order
= 1000 —e— pure dppc
£2 A #— 10% cholesterol
2 —#- 20% cholesterol
“ 100 + —8- 50% cholesterol
E
g ...... ).
2 [,
S |E¢,
2 g3
5 o g
z 0 20 40 60 "
8 01 F° e cholesterol content (%) :
T T T T T T
40 50 60 70 , 80 90
Area/DPPC molecule (A%)
conformational disorder
< - —e— pure dppc
% 50 B 4— 10% cholesterol
= —— 20% cholesterol
@ 40 - --E&3- 50% cholesterol
E
E 301
w
IN
) 20+
w
2 10 %
3
8 of |
90
=
[%]
s [C
3100 [
E
£
®» 10~ e puredppc
5 A 10% cholesterol N
v 4 ® 20% cholesterol
% & 30% cholesterol ®
§ X 40% cholesterol
0.1 k=1 ] ] ] ]

10 20 30
counts/s CH, symm. stretch

Figure 2. Summary of the data, as obtained from the fits shown in
Figure 1. Panels A and B depict the peak intensity in counts/second of
the symmetric Chland CH stretch, respectively, on a logarithmic and
linear scale. The CHintensity, a good measure for the orientational
order of the terminal methyl groups, decays much more slowly in the
presence of cholesterol (Panel A). The inset in panel A depicts the
slopes of the dotted best-fit lines as a function of cholesterol
concentrations. The GHntensity, a good measure for the conforma-
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between the cholesterol and the lipid chains within the bilayer
hydrophobic core. The importance of the hydrophobic core of
cholesterol is also emphasized in models of superlattice forma-
tion of cholesterol in phosphocholine bilay&rsihere choles-
terol is thought to fill the hydrophobic pockets underneath the
relatively large DPPC headgroup. This tendency could also
explain the observed condensing effect.

Summarizing, we have presented the first surface-specific
vibrational study of phospholipieicholesterol interactions,
which reveals the molecular signature of the well-known
condensation effect and demonstrates the ordering influence by
cholesterol, in both the lipid conformation and orientation.
Future investigations will be aimed at elucidating the relative
contribution to cholesterelphospholipid interactions from, on
one hand, van der Waals forces and hydrophobic forces and,
on the other hand, hydrogen bonding of the cholesterol hydroxyl
group to the polar headgroup, e.g. by investigating the different
vibrational modes in both the lipid molecules and cholesterol.
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