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Fomier transform ingm.,'~l simctros¢o~ ~ o ¢ " ~ , ~  ~ ~;.th a .high pressure diamond anvil cell was used to study hydrogen 
between a~aydrous #~a#~idlylchofines and cholesterol at the molar ratio 4: L The hydroxyl g ro~  d 

chelesleml ~ ads as a ~ dora,-, engages in stroug hydrogen bonding to the sn-2 ch in  carbouyl group d 
DMPC, DPPC and HPPC mini in ~ .~ ,  hydrogen bonding to the phosphate group of a~l these ~ i p i d s .  No 
evidenee of I~'drogen beading between dm~este~ and the sn-I chain earbonyl group of DMPC and DPPC was fotmd. 
From a cempafis~ of the n~ th ' e  hydregen-be~! strengths between cholesterol or water and the sn-2 chain earboayl 
and #hosi~te groups of aR these phos#a~pids~ it is predicted that in aqlmous dlspershms of d u ~ s t e ~  coutalnlng 

the hydrogen b o ~  of da/ les te~ to the plmsl~te group would be repl~ed by that of water, while the 
hydxogen bond of d a e ~ e ~  m the sa-2 drain earbony| group would remain intact. 

leuedmtlee 

Cholesterol is the main sterol found in anita,] cell 
membranes. While its biolog/cal role is not yet com- 
pletely understood, it is dear that cholesterol has an 
ordering effect on membmes  which influences such 
phenomena as membrane permeability, conformadou of 
membrane.bound proteins, and membrane stability [1]. 
However, the molecular bass of cholesterol-lipid inter- 
action, which is important m tmderstand/ng these ef- 
fects, has not been unequ/vocally established. 

The possibility of interaction between the polar por- 
tions of cholesterol and phospholipids was first sug- 
gested by studies which show~ that steroMike behav- 
ior, namely ordering condensation and reduction of 
permeability of phospholipid systems, was limited to 
those sterds possessing not only the ring system and a 
side chain at carbon-17, but also a 3r-hydroxyl group 

* Issued as NRCC publkm/on No. 28182. 
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[2-6]. However, subsequent studies have failed to agree 
on the existence or nature of such a polar interaction. 

Early evidence indicated that a hydrogen bond exists 
between the hydro;,yl group of cholesterol and the 
phosphate group of phospholipids [7,8]. However, the 
presence of such a hydrogen bond was refuted by 
subsequent t3C-NMR [9] and 31poNMR [DO] studies. 
and m~surement of the condensing effect of cholesterol 
on natural and synthetic pbospholipids with different 
polar moieties found no evidence of any hydrogen 
bonding [111. 

A second possible site of hydrogen bonding with 
cholesterol is the carbonyi group of ester-containing 
iipids. X-ray and neutron diffraction data [12] showed 
that the hydroxyl group of cholesterol is aliv#ed with 
the ester carhonyl groups of phosphatidylcholine (PC} 
at the hydrocarbon/water interface in PC/cbolesterol 
bilayers, and both the sn-1 [9-13] and the sn-2 [14] 
chain carbonyl groups of 1,2-diacyi phospholipids have 
been suggested to hydrogen bond with cholesterol. Ra- 
man and infrared spectroscopic investigations [15-17], 
however, as well as studies of membrane permeability 
[18,19] have found no evidence of hydrogen bonding of 
cholesterol with a phospholipid carbonyi group. Yet, 
most of these investigations were carried out in an 
aqueous medium, and therefore interference from water 
molecules, which have been shown to form hydrogen 
bonds with the sn-2 C = O group and the PO~ group of 
phospholipids [20], c,3uld explain the inconsistent con- 

0005-2736/89/$03-50 ~ 1989 Els~ier Science Publish~ B.V. (Biomedical Division) 



38 

clm~ons regarding cholesterol-phospholipid interac- 
tions. 

The aim of this study was to investigate the possibil- 
ity of hydrogen hond~ng between cholesterol and the 
carbonyl and/or phosphate groups of anhydrous phos- 
pholipids by means of Fourier transform infrared 
(FTIR) spectroscopy. ~ technique has alr~udy been 
use~ saccessfully in detecting hydrogen honding be- 
tween water and the catbonyl groups in the model lipid 
u'hacefin [21]. as well as between ne~ghbonring hydroxyl 
and cathonyl groups in the glycerol l~pid L2-di- 
palmitoylglycerol [22]; nmre rec~atly, high pressure 
FTIR ~as used to determine the water binding rites of 
1,2Miacyl phospholipids [20]. The presem work ex- 
amines anhydrous systems in order to distinguish the 
effects of cholesterol on the spectra of l:~'~osphol~pids 
from th~e  of water. It is expected that by comparing 
the relative hydrogen bond mength between cholesterol 
and the phospholipids Mth that between water and the 
phospholipid [20], o~e can predict the coml~titinn be- 
tween c~lesterol and water for the hydrogen bond 
interac~ons with ph~spholipids in an aqueous m~dium. 

lens system was used to c o ~  the infrat~l beam 
onto the sample in the d~amond anvil cell. Spectra were 
recorded at different pressures from ammspherie pres- 
sure up to 25 kbar;, each spectrum was composed of 512 
co-added scans, at a spectral resolution of 4 cm -~. 

Powdered a-quarlz placed in the sample hole along 
~ t h  the sample served as an internal pressure calibrant 
vfith presmres being deL~rmh~ from the shift in 
f . ~ n c y  of the 695 cm-~ infrared phonon band of the 
a-quar~ |23]; Fourier ~ r ~ n  derivation [24] and Four- 
ier self-dec~nvolution [25] techulques were used to sep- 
arate ~ t a l l y  unre~wable bands. The frequen- 
des of the C = O, O-H and PO 2 stretching bands were 
obtained from th/rd-power derivative spectra using the 
b ~ s  h ~ c a t ~  in fl~ figure captions. 

Results aml ~ 

In ~de r  to study the interaction of cholesterol with 
phosphatidyh:lxolim~ ~PC) three discrete spectral re- 
g/ons, the O-H, C = O and asymmeuic POf s~retching 
regions of the infrared spectra of anhydrous PC/  
cholesterol ~ were investigated. The molar ratio 
of phospholipid to cholesterol was 4:1.  

Matetm~. Sampl~s of L-1,2-dimyristoylphosphafi- 
dy]choline (DMPC) and L-1,2-dip~lmltoylphosphati- 
dylcholine (DPPC) were obtained from Avanfi Polat- 
lJpids, Inc. The L-L2~decylphosphat idy lchol ine  
(DI-I!~ sample was from Fluka Chemical Co. and 
cholesterol from Sigma Chemical Co. L-l-hexadecyl-2- 
l~Imltoylphosphatidylcholine (HPI~) was synthesized 
by Dr. R. B©rchtold of Biochemisches Labor, 
Switzerland. All lipid samples were rccrystallO~ from 
chloroform/acetone, while cholesterol was recrystal- 
l/zeal from acetone alone. Print to being used all lipids 
were lyophi]iTed for 48 h~u's. Cholesterol/lipid mix- 
tures were ptepan.'d by co-dissolving the solid compo- 
hemS in chloroform, d r ~ g  the solution with nitrogen 
gas, then lyophili~ng for 48 hours. The sample was 
placed in a hole of 0.37 ~ diameter in a 0.23 nun 
thick stah~ess steel g~ket mounted on a diamond anvil 
celt, along with KRS-5 and powdered -,-quartz [23]. In 
order m remove the last water molecules, the diamond 
anvil cell eonlnining the sample was placed in the 
infrured spectrophotometer and purged with dry nitro- 
gen for at least 70 hnurs [20]. The resulting anhydrous 
sample was then sealed by dosing up the diamond 
anvils. Ev/dence that the sample was indeed anhydrous 
came from the infrared intensity of the water OH 
strctel'ing band relative to that of the lipid CH stretch- 
ing bands before, during and after purging. 

Spectra and data reductiorL Infrared spectra were 
measured on a Bon~m Model DA 3.02 Fourier trans- 
form spectrophotometer with a liquid nitrogen cooled 
mercury cadmium telluride detector. A ~,=.dium chloride 

L Tire dud~terol O-H slretclung region (3100-3600 
cm -~) 

Fig. l shows the OH stretching bands (wOH) for 
cholesterol alone and for m~xmres of cholesterol ~ith 
DPPC, DMPC, HPPC and DHI~.  The ~ of 
anhydrous chol~terol (l~g. 1A) contains two overlap- 
ping bands, at 3363 and 3451 cm -~, which arise from 
two sets of v ~ f i o ~ a l l y  incquivalent hydroxyl groups 

~ 0 o  34o0 3200 
FREQUENCY. CM 4 

Fig. I. Hydro~'l bands in the OH ,tretchia~ r~gion of the infrar*d 
spectra of a n h y ~  chohmerol (A) and of mixtures of anhydrous 
cholesterol ~ith solid DPPC ~B). DMFC (C). HPPC (D) and DHPC 

(E). All chotesterol/li#d samples contained 20 mol~ cholesterol. 
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witkin the eight-mdeeule unit  cell of anhydrous 
cholesterol [26]. S/nee the OH stretching frequency of a 
free, non-hydrogen bonded hydroxyl group is above 
3600 cm -1 [22], and hydrogen bonding is known to 
lower the sUetching frequency of the hydroxyl group 
[22,27], these two bands clearly represent cholesterol 
hydroxyl groups hydrogen bonded among themselves. 
These cholesterol bands can also be found at similar 
frequendes in the spectra of the cholesterol/PC mix- 
tures shown in Fig. IB, 1C and 1D, though they are 
much weaker. However, in the latter spectra a new 
strong band appears at lower frequency which must be 
assigned to the cholesterol hydroxyl groups hydrogen 
bonded to the lipid. 

Thus, the strongest band in the POH region of 
DMl~/cbolesleroL (Fig. 113) DPPC/cholesterol (Fig 
1C) and HPPC/cbolesterol (Fig. 1D) represents lipid- 
bound cholesterol ~'OH vibrations. The two higher 
frequency ='oa bands, due 10 self-associated cholesterol, 
are present but are much less intense, suggesting that in 
these systems the majority of cholesterol is hydrogen 
bonded Io the lipid. 

On the other hand, in the DHPC/cbolesterol mix- 
lure (Fig. IE), the most intense band is at 3382 cm -I 
and represents self-associated cholesterol, while the band 
due to ~ e  lipid-bound OH groups is less intense. Since 
the double-bonded oxyg~ of the phosphate group is 
the only possible prot~a aceeptor in DHPC, the pres- 
ence of the 3269 em -~ band provides clear evidence for 
cholesterol-phosphate group hydrogen bonding. More- 
over, since the exchange of ester linkages in DPPC for 
ether linkages in DHPC leads 10 a decrease in the 
intensity of the lipid-bound Pon band, these results 
su res t  that one or both carbony! groups in DPPC also 
pr3vide a site of hydrogen bonding. 

The strong lipid-bound VoH band in Figs. 1B, C and 
D consL~s of two components; this becomes clearly 
evident from deconvo~ufiou of this band in the DPPC/ 
cholesterol mixture, as illustrated in Fig. 2. The 
frequency component at 3268 em-~ is attributed to the 
phosphate-bound cholesterol OH stretch and corre- 
sponds m the 3269 cm -1 band in the DHPC/cholesterol 
spectrum; the frequency component at 3184 cm -~ is 
attributed to the carbonyl-bound cholesterol OH stretch, 
which/s supported by the shift in the carbonyl stretch- 
ing frequency (vide infra). 

The pressure dependence of the tw-o component bands 
in the DPPC/cholesterol mixture is shown in Fig. 3. 
The two Z,oM frequencies do not change appreciably 
with increasing pressure. In hydrogen bonded systems, 
as the pressure is inercas~ ~ e  increased intermolecu- 
lar repulsion results in bond compression and an in- 
crease in the stretching frequency of those functional 
groups [20]. However, an increase in pressure also 
strengthens the hydrogen bonds, causing an elongation 
of the chemical bonds g~thin a hydrogen-bonded func- 
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Fig. 2. Original (bouom) and deconvolved (top) inflated spectra in 
the OH stretching region of a DPl~C/cholesterol mixture containing 
20 mol~ cholesterol. Deennvolution was carried out with a Lorentzian 
of halfwidth lO0 cm- l, using a k factor of 2 (for details see Ref. 25). 

tional group and thus a decrease in the corresponding 
stretching frequency [22]. The balance between these 
effects of pressure on a hydrogen-bonded functional 
group i s retie=ted in the plateau in the frequency versus 
pressme graph of the ~OH cholesterol bands in Fig. 3. 

2. The lipid C = 0 stretching region (1700-1800 cm - t )  
The carbonyl stretching region of 1,2-diacyl phos- 

pholipids consists of a broad band contour which upon 
deconvolution is found to contain at least two overlap- 
ping components; the high-frequency component bands 
originate from the stretching vibration of the sn-1 C = 0 
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Fig. 3. Pressure dependence of the OH stretching frequency of 
cholesterol hydrogen bonded to phosphate groups (upper band) and 
to the sn-2 carbonyl groups (lower band) of anhydrous DPPC. 
Frequencies were obtained from third-power derivative spectra, using 

a breakpoint of 0.06 in the Fourier domain. 
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Fig- 4_ Ofigirml ~A) a~d dec~m,zob=d (B) ~nfr'dred spectra in the C = O 
stretching reg/on of so]/d DMPC conm/n/ng t¢.-o ~ of cr3.~,- 
~ ' ~ d o n  ~'ate~'. and odgh~ (C) and deconvo|ved (D) i~frar~d 
spectra of an ~ydro,~ DM~C/ctmtestetol mixture containing 20 
md~ ch~este~. De,=on,.,~-at/on ~.as peffon'aed ,~th a Lorentz/an of 

halh~dth 15 cm- t. using a & factor of 2.3. 

group while the low-frequency component bands 
ofig/nate from the m-2 C = 0 group [20]; the difference 
in frequency of these ~ o  ~ibrational modes is attri- 
buted to the inequiva]ence of the conformation at the 
two acyl linkages produced by a rotation of the sn-2 
ckm~n about the CI-C 2 bond_ In the spectrum of 
anhydrous DMPC these two Pc=o bands are located at 
1747 and 1736 c m -  t. A third band., at 1727 c m -  t, in the 
specman of hydrated DMPC and in solid DMPC con- 
raining two molecules of  crystal017ntion water (Figs. 4A 
and 4B) represents the hydrogen-bonded su-2 C = 0 
group [20]. Similarly, tln'ce bands can be resolved from 
the ~c=o band contour of  anhydrous D M P C /  
cholesterol (Figs. 4C and 4D). The bands at 1747 and 
1736 cm -~ represent the free sn-1 and sn-2 C = O  
stretching vibrations, respectively, while the band at 
1722 cm -~ represents a C = O  group hydrogen bouded 
to cholesterol. The spectrum of anhydrous D P P C /  
cholesterol (not shown) also has three bands, at 1746, 
1735 and 1721 cm -~. 

Evidence that it is the sn-2 and not the sn-1 carbonyl 
group which hydrogen bonds with cholesterol in 1,2-di- 
acyl phospholipids comes from the infrared spectrum of 
HPPC. HPPC is a synthetic phospbolipid with only one 
acyl linkage, at the sn-2 position. As was shown earlier 
[20]. the ~'c=6 region of anhydrous HPPC contains a 
single, symmetric band at 1736 cm ~ ~. while hydrated 

HPPC shows an additional band m 1723 ~ -  : which 
represents the stretching vibration of the ,~n-2 C = O 
group hydrogen-bonded m water. Similarly, the J'c=o 
re#on of  anhydrous HPPC/cholestero! (not s h o ~ )  
contains an asymmelxic band which on deconvolution 
~idds two component bands at 1736 and 1719 cm -1. If 
the she of  hydrogen bonding in 1,2Miacyl phosphad- 
dylc~ihi~__, were the. sn-1 C = O group, one would not 
expecl to fred a second band in the spectrum of 
anhydrous HPPC/cholestcrol,  thus. the band at 1719 
cm ~ can only represent hydrogen bonded sn-2 C = O  
groups. These results confrere those of a recent mono- 
layer compression study which concluded that no hy- 
drogen bond exists ~ ¢ e n  cholesterol and the sn-1 
C = O group of  phospholipids 128], 

Another point of  interest is the difference between 
the stretching frequency of the sn-2 C = O group when 
hydrogen-bonded to water or m cholesterol. For die 
three fip~ds investigated DMPC. DPPC and HPPC, the 
free sn-2 C = O  siretehing frequency shifts from 1736 
cm -~ to 1722. 1721 and 1719 cm -~. respectively, on 
addition of chotesL,'roL ~ e r e a s  on hydration it shifts to 
1727.1728 and 1723 cm -1. respectively. [20]. Since for a 
stronger hydrogen bond the C = O stretching frequency 
shifts m a lower frequency [20-22], despite the slightly 
different en~gronment one can conclude that the hydro- 
gen bond formed between cholesterol and the sn-2 
C = O group of  these pbospholipids is stronger than the 
hydrogen bond fm'n~d between the same C = 0 gro'ap 
and water. We therefore predict that water will not 
replace cholesterol in hydrogen bonding to the sn-2 
C = O group in hydrated phosphatidylcholine/choles- 
terol systems. 

3. The lipid P O f  srraching regien t1000-1300 cm ~ t) 
Infrared bands characteristic of the phosphate group 

in phospholipids occur in the region 1000-1300 cm -~ 
(single bond P-O and double bond P =  O stretching 
bands). Because of the complexity of  die 1000-1200 
ern -1 region, the effect of  addition of cholesterol is 
most clearly observad by monitoring the change in the 
as~a-nmemc PO,- stretching band ( ~ P O ~ ' )  in the re- 
# o n  1220-1270 cm -~ [29,30]. Fig. 5 compares the 
p~.,PO,- band of  DPPC/cholesterol with that of  pure 
DPPC at a~bient  prec~re, in our sam.ple of anhydrous 
DPPC. lifts band is at 1262 cm -~. ~-h;,ch is 17 cm -~ 
higher than file value previously retx~rted [29]; this is 
due to the vigorous purging used (see Experimenud) 
that reduces the water content of  the sample to almost 
n i l  as sho~la by the absence of a ~n.o signal in the 
r~#on 3000-3600 cm -u. Addition of cholesterol bow- 
ever, causes a shift of  the J,,~PO_,- frequency of  DFPC 
from 1262 to 1256 cm -I.  This shift is a result of 
hydrogen bonding be~-een the phosphate group of 
DPPC and the hydroxyl group of cholesterol and is 
small compared with the shift of 40 c m -  l produced by 
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Fif~ 5. Infrared ~ in zhe re#oa of t ~  z~jmmetfic PO 2- stretch- 
ing band of anl~'d:'ous DPPC (A) a ~  of a DPPC/cho~esterol mixture 
c ~ a ~ r ~  20 tool% ~ (B~. the s~m:ctra arc dcoonvolved with 
a l.~r~-~rA~ of haff~xlth 15 m -1 and a resolution enhancement 

fact~ of 15 ( ~  Rcf. 25). 

hydration of DPPC [20]. These results suggest that the 
hydrogen bond formed by the phosphate group of DPPC 
with cholesterol is weaker than that formed with water, 
and that water will repl~ee cholesterol in bonding to the 
phosphate group on hydration of DPPC/cholesterol. 

Similar results were obt_ained from mixtures of 
cholesterol with DMPC, DHPC or HPPC. Addition of 
cholesterol  caused  the  p~PO 2- b a n d  to  shift  f r om 1261 

1o 1258 m -~ in DMPC, from 1259 to 1251 m -~ in 
DHPC, and from 1266 to 1262 cm -t  in HPPC. In all 
cases, the shift produced by hydrogen bonding with 
cholesterol was small compared to the shift on hydra- 
tion |20]. 

Addition of cholesterol was found to have little effect 
on the pressure dependence of the u~PO 2 band of 
DPPC, DMPC or DHPC, suggesting that the 
cholesterol-phosphate hydrogen bond Ls weak. 

Cendushms 

Changes in the hffrared spectra of anhydrous u r r c ,  
DMPC, DHPC and HPPC in the OH, C = O and PO~ 
stretching regions on addition of cholestero| (molar 
ratio 4:1)  reveal that: 

(i) A hydrogen bond does form between the hydroxyl 
group of cholesterol and the sn-2 chain ca~bonyl group 
of DPPC, DMPC and HPCC. This bond is stronger 
than the wate~- - sn-2 C = O hydrogen bond described in 
Ref. 20. Thus ,  we pred ic t  t ha t  wa te r  will no t  replace  

cholesterol in hychogen bonding to the sn-2 C = 0  
group on hydration of these p'nosphatidyicholine/ 
cholesterol systems. 

(ii) No evidence of hykogen bonding between 
cholesterol and the sn-1 chain ~arbonyl group of any of 
the phospholipids studied was found. 

(iii) A weak  hydrogen  b o n d  does  form between the 

hydroxyl  g r o u p  of  cholesterol  a n d  the  phospha t e  g r o u p  

o f  the a n h y d r o u s  phosphaddy!cho l ines  s tudied.  This  

bond is weaker than the corresponding hydrogen bond 
with water (see Ref. 20) and thus water will replace 
cholesterol in hydrogen bonding to the phosphate group 
of  these phospha t idy |cho l incs .  
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