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Fourier transform infrared spectroscopy was used to characterize the lamellar phases of 1,3-dipalmitoyl-sn- 
glycero-2-pbosphocholine (1,3-DPPC), a positional isomer of 1,2-dipalmitoyl-sn-glycero-3-phosphocholine 
(I ,2-DPPC).  The molecule exists in three distinct phases over the temperature interval 0 -70°C In the 
low-temperature (L c)  phase, the spectra are indicative of acyl chains packed in an orthorhombic subcell, 
while the carbonyl groups and phosphate ester at the head group show evidence of only partial hydration. The 
transition from the low-temperature (Lc) phase to the intermediate-temperature (L, )  phase at 25°C 
corresponds to a temperature-induced head-group hydration in which the hydration of the phosphate and 
carbonyl ester groups results in the reorganization of the hydrocarbon chain-packing subcell from ortho- 
rhombic to hexagonal The transition from the intermediate (L/0 to the high-temperature (L~) phase at 37°C 
is a gel-to-liquid-crystalline phase transition analogous to the 41.5°C transition of 1,2-DPPC The spectra of 
the acyl-chain carbonyi groups show evidence of significant differences in molecular conformation at the 
carbonyl esters in the L c phase. In the L~ and L~ phases, the carbonyl band contour becomes much more 
symmetric. However, two components are clearly present in the spectra indicating that the sn- I  and sn-3 

carbonyls experience slightly different environments. The observed differences are likely due to a preferred 
conformation of the phosphocholine group relative to the glycerol backbone. Indications from the infrared 
spectra of differences in the structure of the C=O groups provide a possible explanation for the selection of 
the sn-1 chain of 1,3-DPPC by phospholipase A 2 on the basis of a preferred head group conformation. 

Introduction 

Vibrational spectroscopic techmques have been 
used with considerable success m recent years m 

* Present address National Center for Biomedical Infrared 
Spectroscopy, Battelle-Columbus Laboratories, 505 King 
Avenue, Columbus, OH 43201, U S A 

** Present address School of Biological Sciences and En- 
vironmental Health, Thames Polytechnic, London SE18 
6PF, U K 

*** Present address Sohio Research Center, 4440 Warrensvllle 
Center Road, Cleveland, OH 44128, U S A 

Abbreviations DPPC, dlpalmltoylglycerophosphochohne, FT- 
IR, Fourier transform infrared spectroscopy 

eluctdatmg the molecular and conformatlonal 
properties of membrane phosphohptds In particu- 
lar, due to its enhanced sensltlWty and preoston 
over dispersive infrared spectroscopy, Fourier 
transform infrared spectroscopy (FT-IR) has al- 
lowed the precise study of pure hptds and the 
mteract~on of these molecules w~th tons, 
cholesterol, membrane proteins, and other hplds 
[1-4] 

In the present study we have investigated the 
thermotropic behavior of the posmonal  isomer 
1,3-dlpalmltoyl-sn-glycero-2-phosphochohne (1,3- 
DPPC) using FT-IR While not naturally occur- 
ring, these 1,3-phosphohpids have been shown to 
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act as substrates for phosphohpase A ,  [5.6] and 
the question arises as to what particular aspects ol 
molecular conformation common to 1,3- and 1,2- 
DPPC correlate with substrate binding [7 9] Dif- 
ferential scanning calorimetric studies reveal the 
occurrence of two reversible phase transitions, at 
25 and 37°C, with the higher-temperature transi- 
tion having an enthalpy characteristic of a gel-to- 
hquld-crystalhne t ransmon (Chowdhry et al ,  un- 
published data) X-ray diffraction studies confirm 
this description, and demonstrate that the low- 
temperature phase is semicrystalhne in nature [9] 

Materials and Methods 

Matertals 1,3-Dlpahmtoyl-sn-glycero-2-phos- 
phochollne was purchased from Fluka (Hauppage, 
NY) Purification and calorimetry of the purified 
material were as described [10] 2H.O was 
purchased  f rom Merck,  Sharp & D o h m e  
(Montreal) 

Sample preparation Multflamellar lipid disper- 
sions were prepared by the addmon of the ap- 
propriate amount of doubly demnlzed H 2 0  or 
2H20 to the dry hpld The samples were then 
heated to 50°C and vortexed for 10 mln The 
heating cycle was repeated several t~mes in order 
to ensure complete dispersion Typically, the final 
concentration of hpld was 50 mM 

Fourier transform infrared spectroscopy Samples 
were prepared for infrared spectroscopic analysis 
in 50-/~m-thlck demountable cells (Harnck  Scien- 
tific. Ossining, New York) with Mylar spacers and 
CaF~ windows Spectra were recorded on a Dlgdab 
FTS-15 Fourier transform infrared spectrometer 
equipped with an HgCdTe detector 250 mterfero- 
grams, collected with an optical velocity of 1 26 
cm s ~ and a maximum optical retardation of 
0 25 cm, were coadded, apodlzed with a mangular  
function, and Fourier transformed w~th one level 
of zero filling to yield a resolutmn of 4 cm-~ and 
data were encoded every 2 cm-1 

Temperatures were controlled by a thermo- 
statted E tOH-H20  mixture flowing through a hol- 
low cell mount and monitored by a copper-con- 
stantan thermocouple placed against the edge of 
the cell window [11] 

Frequencies and bandwidths were determined 
with art uncertainty of less than _+001 cm l by 
using a center-of-gravity alogonthm [12] 

Results 

Ac) l cham ahsorptton~ 
Figs 1 and 2 show, respectIvel), the 3000-2800 

cm ~ and the 1500-1150 cm ~ regions of the 
infrared spectrum of hydrated 1,3-DPPC at 20, 33 
and 43°C These regions encompass the principal 
absorption bands associated with the hydrophobic 
acyl chains, and at these temperatures the spectra 
are those of the L C (20°C) L/¢ (33°C) and L 
(43°C) phases 

The low-temperature L C phase spectrum is 
typical of highly ordered, long acyl chains The 
most striking feature is the two sharp CH ~ scissor- 
mg bands at 1472 and 1462 cm i The sphttlng of 
the scissoring band results from lnterchaln interac- 
tions when the acyl chains are rigidly packed in a 
three-dimensional lattice [13.14] In the simpler 
n-alkanes and fatty acids the subcell is ortho- 
rhomblc In hplds it is more likely to be a complex 
hybrid [15.16] 

Additional evidence for rigid packing comes 
from the strong series of CH 2 wagging bands 
stretching from 1180 to 1350 cm ~ (superimposed 
on the broad asymmetric PO~- stretching band) 
The band progression results from the wagging of 
n-coupled CH~ oscillators in an ail-tran~ confor- 
mation The phase differences, if, allowed between 
the n &fferent groups are given by 

~ = ~.~r/'( n + l ) 

where/ ,  is an integer from 1 to n and corresponds 
to the number of loops in the stationary wave that 
represents the normal mode [17] The frequencies 
of the components of the progression seen in the 
L t phase spectrum of 1,3-DPPC confirm the pres- 
ence of all-trans chains, while the intensities indi- 
cate rigid packing when compared with those In 
the L~ phase spectrum (see below) 

Finally, the antlsymmetrIc and symmetric CH 
stretching bands are observed at 2916 2 and 2848 0 
cm -t ,  respectively, typical of all-trans hydro- 
carbon chains [18] In addmon the asymmetric 
CH~ stretching band contour near 2954 cm -~ ~s 
pamal ly  split, as is clearly shown in the decon- 
volved spectrum (F~g 1, inset) Such sphttmg oc- 
curs when the rotatmn of the methyl group relative 
to the adjacent CH2 is severely restricted, and is 
typically observed in the spectra of orthorhomblc 
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Fig 1 Infrared spectra of a 50-/tm-th~ck sample of 1,3-DPPC 
in 2H20 in the L c (20°C), Lp (33°C) and L.  (45°C) phases 
m the regmn 3000-2800 cm -~ that encompasses the C - H  
stretching bands Inset Fourier self-deconvolutmn spectrum of 
the asymmetric CHa stretching band at 2954 cm ~ m the L c 
phase (20°C) The spectrum was deconvoled with a 4 c m - i  
halfw~dth Lorentzmn hne and smoothed to K =  20 wtth a 
Bessel function [31 32] 

and trIcllnIC crystals of alkanes and fatty acids 
[19] 

The transition of the L¢ phase at 25°C results 
in marked changes m the acyl-chaln spectrum The 
principal change is the collapse of the CH 2 scissor- 
lng doublet to a single band at 1468 cm-1 This 
frequency IS characteristic of long acyi chains in 
an hexagonal subcell, with high moblhty about the 
long axis of the acyl chain [13] 

The CH 2 wagging progression is still present, 
but greatly reduced in intensity The CH~ stretch- 
ing bands are broader, less intense, and shifted 
slightly in frequency (see below), while the asym- 
metric CH~ stretching band is now a slnglet All of 
these changes are similar in magnitude and direc- 
tion to those observed in the spectra of n-alkanes 
on transition from the orthorhomblc to the 
"hexagonal"  or " ro ta tor"  phase [20] 

In the L,~ phase spectrum above 37°C the in- 
tensity of the 1468 cm-~ bands is decreased, the 
wagging progression is absent, and the C-H 
stretching bands have broadened and shifted to 
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h~gher frequency These changes ln&cate the intro- 
duction of a high degree of conformatlonal dis- 
order, and are similar to those observed in the 
spectrum of 1,2-DPPC on transition from the L B 
to the L~ phase [4] 

Head-group absorptions 
Fig 3 shows the 1150-1000 cm 1 regmn of the 

infrared spectrum of 1,3-DPPC in the L<, L• and 
L .  phases The strong band near 1090 c m -  1 is the 
symmetric PO 2 stretching band, overlapped with 
a C O - C  stretching band near 1070 cm-1 and a 
weak C - C  stretching band near 1080 cm 1 In the 
L(  phase spectrum lines are narrow and reasona- 
bly well resolved Transition to the L~ phase re- 
sults m broadening, a shift to the P O .  stretching 
band from 1090 2 (L C ) to 1086 4 cm ? (L/~) Little 
change is observed on transition to the L ,  phase 

The L C phase spectrum resembles that ob- 
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Fig 2 Infrared spectra of a 50-#m-thlt.k sample of 1 3-DPPC 
in H20 in the L ( (20°C) ,  LB (33°C) and L.  (45°C) phases m 
the region 1500-1150 cm 1 which encompass the C H  2 sossor- 
mg band ( =1468 cm - I )  as well as the CH 2 wagging band 
progression superimposed on the broad asymmetric [ O - P - O ] -  
stretching band near 1230 cm-  i 
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Fig 3 Infrared spectra of a 50-/~m-ttuck sample of 1 3-DPPC 
m 2H20 m the L c (20°C) and L# (33°C) phases in the region 
1150-1000 cm t The major feature ts the symmetric [O-P-O]  
stretching band (see text) 

served m studies of poorly hydrated 1,2-DPP(,  
whde the L# and L.  phase spectra are typical of 
the spectra of a fully hydrated llptd [21] Further a 
shaft to lower frequency of the symmetric PO. 
stretching band on hydration has been demon- 
strated [22,23], and we conclude that the spectral 
changes indicate that m the L( phase the phos- 
phate group as poorly hydrated, and the transmon 
to the L# phase involves hydration of this group 
A samtlar shift would be expected for the asym- 
metric POf  stretching band but any changes are 
obscured by the wagging band progression 

The C=O stretching band was also monitored 
as a functaon of temperature Ftg 4A shows the 
band at several temperatures encompassing the 
two translUons, while Fig 4B shows the band 
followmg Fourier self-deconvoluuon In the low- 
temperature phase the band is virtually mvartant 
from 5-20°C The deconvolved spectra demon- 
strate that tt is comprised of two prmclple bands 
at about 1742 and 1725 cm 1 We note a close 
agreement of the frequenctes of the two compo- 
nents of the 1,3-DPPC carbonyl band contour 
wath those of 1,2-DPPC (1741 and 1727 cm ~ m 
the spectrum of 1,2-DPPC) 

The observed frequency and intensity dif- 
ferences m the two components of the carbonyl 
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Fig 4 Temperature dependence of the mfrared spectra of the C=O stretching region for a 50-p.m-thick sample of 1 3-DPPC in 2 H 20 
The ~pec~ra m (B) have been Fourier self-deconvolved with a 16 cm-  i halfwldth Lorentzlan hne smoothed to K = 1 8 wnh a Bessel 

function [31 32] 



spectrum in the L, phase can be correlated with 
an increase  In the dielectr ic  cons tan t  of the med ium 
[24] The  d e h y d r a t i o n  of  the hyd roph ihc  region in 
the L c phase  leads to a s i tuat ion in which the 
ca rbony l  groups  are  deshle lded f rom the electronic 
charge  of the negat ively  charged phospha te  group 
[25,26], as a consequence, the preceived dlelectrtc 
constant at the carbonyl increases resulting in an 
increase  in band  intensi ty  

The sphtting of the carbonyl band suggests that 
both carbonyls do not experience identical en- 
vironments in the L c phase In this case, the 1742 
cm-~  carbonyl  reflects a more  h y d r o p h o b l c  en- 
v i ronment ,  as ind ica ted  by  the higher v ibra t iona l  
f requency 

During the transition to the L# phase, the 1725 
cm ~ band  loses in tensi ty  and shifts to higher  
frequency,  suggesting decreased ln t ramolecu la r  in- 
teract ions  resul t ing f rom rehydra t ion  of  the head 
group  The t rans i t ion  to the L# phase  results  in a 
single asymmetr ic  band  con tour  This a symmet ry  
indica tes  that  there are at  least two discrete  bands  
present The deconvolved spectra also demonstrate 
that  the pr inc ipa l  changes result ing f rom the tran- 
s i t ion are band broadening and a shift to higher 
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F~g 5 Plot of the frequency vs temperature for the asymmetric 
CH 2 stretctung band at 2920 cm- 1 m 1,3-DPPC multdayers m 
2H20 Frequencies were determined by using a 3-point center- 
of-gravity algorithm [12] 
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f requency of the 1725 c m - I  band  Lit t le  change 
results  from t rans i t ion  to the L .  phase  at 37°C, 
the presence of  two componen t s  in the ca rbonyl  
b a n d  contour  again suggests that  the sn-1 and sn-3 
C = O  adop t  sl ightly different  conformat ions  m the 
L,~ phase  

Cooperatwlt5 
In order to obtain an indication of the cooper- 

atlvlty of the transitions the frequency and full- 
width at three-quarters peak height of the asym- 
metric CH.  stretching band at 2920 cm ] were 
monitored as a function of temperature and are 
shown in Figs 5 and 6 Both transitions are clearly 
evident The Ll3 ~ L .  transition is highly co-oper- 
ative, occurring within a 1 Cdeg temperature inter- 
val The large increases in bandwidth and 
frequency are typical of those resulting from the 
introduction of a large population of gauche 
rotamers 

The L c ---, Ll3 transmon occurs in the range 
20-30°C The overall changes in frequency (0 3 
cm - ] )  and bandwidth (2 cm - ] )  are slmdar to 
those observed in studies of the orthorhombic---, 
hexagonal transmon of alkanes [20] However, 
during the translUon the bandwidth reaches a 
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Fig 6 Plot of the full width at three-quarters maximum peak 
height for the asymmemc CH 2 stretching band at 2920 cm ] 
m 1 3-DPPC multdayers m 2H20 
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maximum value and then decreases, the maximum 
occurring at a temperature lower than that of the 
maximum rate of change of frequency This behav- 
ior has been observed in studies of surfactants, 
hplds and natural biomembranes [1,27,28] It re- 
sults from the overlap of two simultaneously vary- 
lng absorption bands, and hence is indicative of 
the co-existence of two phases during the transi- 
tion Similar confirmation of a low-cooperativity 
transition was obtained from plots of the width of 
the C=O stretching band (not shown) 

Discussion 

The data presented here confirm that the L~ ---. 
L.  transition IS highly co-operative, whde the L( 

L/~ transmon has a low degree of co-operatlvlty, 
occurring over a 5-10 Cdeg range In this regard, 
our data are in agreement with the results of X-ray 
stu&es, which showed that during the L( ~ L/3 
trans,tlon two phases are present in temperature- 
dependent proportions [9] 

Considerable insight can also be gained into the 
nature of the acyl-chain packing and head-group 
conformation in the various phases In the L( 
phase the acyl chains are highly ordered with 
severely restricted mobihty about the long axis in 
all positions The packing is such that mterchaln 
lnteractmns giving rise to factor group splitting of 
the CH 2 scissoring mode take place This in&cates 
that the packing is highly crystalline, in agreement 
with X-ray data [9], with the subcell being ortho- 
rhomblc or one of the complex hybrid subcells 

In the L/~ phase the acyl chains are still confor- 
mauonally highly ordered However, the spectra 
indicate that the packing is hexagonal, w~th high 
mobdlty about the acyl-chaln long axis X-ray 
studies are In agreement, and further Indicate that 
m th~s phase the chain layers may be mterdlgltated 
[9] No information on this aspect can be gained 
from the infrared spectra 

Finally, the L .  phase spectrum indicates hagh 
conformational disorder, and ~s typical of the 
hquld-crystal spectra of other phosphohpids [4] 

Turning to the head-group modes, the L( phase 
spectra are characteristic of a poorly hydrated 
system, while the La and L,~ phase spectra closely 
resemble those of fully hydrated 1,2-DPPC Par- 
tlcularly interesting in the various phases ~s the 

shape of the C=O stretching band contour In the 
L( phase spectrum there are clearly two major 
components present In terms of the relative inten- 
sities, frequencies and band shapes, this spectrum 
closely resembles that of partially dehydrated 1,2- 
DPPC [21] The general trends are characteristic of 
a C=O group experiencing an increase in the effec- 
tive dielectric constant of the medium a s  H 2 0  IS 
removed from the glycerophosphochohne region 
and the polar groups are brought into closer prox- 
imity [25,26] Although the structure of 1,3-DPPC 
suggests a priori that both carbonyl groups have 
an equal probablhty of interacting with the phos- 
phate group, the infrared spectra (Fig 4) reveal 
that one chain experiences a higher dielectric con- 
stant, giving rise to the lower-frequency band We 
also note that due to the crystal lattice the hydro- 
carbon chains are tilted in the L c phase [15], since 
the crystal lattice is rigid and hence regular, ~t is 
not unexpected that the head groups also adopt a 
regular form of packing 

Unhke the lnterfaclal region in 1,2-DPPC, in 
which the sn-1 and sn-2 carbonyls are in different 
environments (and hence have different v~bra- 
tional frequencies) due to the structural lnequlv- 
alence of the two acyl chains [25,26], the sn-1 and 
sn-3 acyl chains m 1,3-DPPC have been shown to 
be structurally equivalent [7,8] Therefore, a differ- 
ent mechamsm is necessary to interpret the ob- 
served carbonyl band contour in 1,3-DPPC 

An assignment of the carbonyl bands of 1,3- 
DPPC to a particular acyl chain is possible in view 
of the enzymatic activity of phospholipase A 2 

This enzyme catalyzes the stereospeclflC hydrolysis 
of the carbonyl ester at the sn-1 chain of 1,3-DPPC 
[29] The stereospeclflclty of phosphohpase A 2 ac- 
tivity arises from the specific nature of the active 
site [34], in particular the ternary enzyme-Ca 2+- 
phosphohpld complex The role of Ca 2 + appears 
to be that of an intermediary between the negatwe 
charge of the phosphate and the ester carbonyl 
oxygen in the group undergoing clevage [34] The 
lmphcation in the case 1,3-DPPC is that the stere- 
ospeclflC hydrolysis of the sn-1 ester would require 
the preferred orientation of the phosphochohne 
group relative to that of the sn-1 carbonyl thus 
giving rise to inequivalent environments for the 
two carbonyls and, therefore, different vibrational 
frequencies The relative orientation of the phos- 



phochohne  head group towards the sn - 1 carbonyl  
would also increase the effective dielectric con- 
stant experienced by that C=O. thereby glwng rise 
to a lower-frequency Infrared band  On this basis, 
we assign the 1725 cm-~ band to the sn-1 C=O 
and the 1742 cm 1 band  to the sn-3 C=O 

In the L~ and L,~ phase spectra the C=O con- 
tour is much more symmetric than in the L~ phase 
spectrum However,  in the spectra of the lipid m 
both  phases, there are stall clearly two components  
present (Fig 4) Ttus indicates that the C=O groups 
are m slightly different environments  This could 
be attr ibuted to a slight tdt of the glycero group 
relative to the bilayer surface, a n d / o r  a preferred 
conformat ion  of the phosphochohne  group relative 
to the glycero group A recent 2 H - N M R  study 
concluded that there was no major  difference be- 
tween the mobih ty  of  the 2-CH 2 groups of the 
sn-1 and sn-3 chains of 1 ,3-DPPC [7] This indi- 
cates that there is no substantial mt racham dif- 
ference in conformat ion  about  the C 2 - C  ~ bond  of 
the C ~ - C : - C ~ - O  structural unit These results are 
consistent w~th the interpretation stated above of  
the infrared data  as a preferred tilt of  the phos- 
phochohne  group relative to the glycerol backbone  
that results in different environments  for the sn-1 

and sn-3 carbonyls  The Indications from the in- 
frared spectra of differences m the structure of  the 
C=O groups prowde a possible explanation for the 
selection of the sn-1 chain of 1 ,3-DPPC by phos- 
phohpase  A 2 on the basis of a preferred head 
group conformat ion  

Transit ion to the La phase of  1 ,3-DPPC at 
25°C produces changes m the spectra of  the phos- 
phate group The frequency of the symmetric PO 2 
stretching band  shifts from 1090 2 cm 1 to 1086 4 
cm ~, indicating a rehydrauon  of the phosphate  
ester The effect of  the binding of H 2 0  to the 
phosphate  group is to separate and shield the 
polar  carbonyl  groups from the charged phos- 
phate As a consequence of  the perceived decrease 
m the dielectric constant,  the C=O stretching band  
of  the sn-1 acyl chain looses Intensity and shifts to 
higher frequency The result is a single asymmetric 
contour  for the C=O stretching band 

The binding of  additional H20 to the phos- 
phate  group has lmphcat lons for the acyl chain 
packing characteristics in the L~ phase As has 
been shown for the choles terol -DMPC interaction, 
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a decrease in carbonyl  intensity suggests a loosen- 
ing of  the hpld crystal lattice which leads to a less 
densely packed bdayer  [25] As seen in Fig 2 and 
discussed above, the transition to the La phase 
results in a collapse of  the factor group sphttlng of  
the CH~ methylene scissoring band at 1472 and 
1464 cm ~ and the appearance of a single band at 
1468 cm 1 This frequency is characteristic of 
hydrocarbon  chains packed in a hexagonal or 
near-hexagonal lattice in which the acyl chains 
have increased freedom to undergo rapid torsional 
motions about the long axis [3] 

In view of the above data, the L C ~ L/~ phase 
transition of  1,3-DPPC at 25°C corresponds to a 
temperature-induced hydrat ion of the head-group 
phosphate  and carbonyl  esters which results in the 
reorganization of the hydrocarbon chain lattice 
f rom or thorhombic  ( L ( p h a s e )  to hexagonal (L B 
phase) It is also clear that the transition of of 
1,3-DPPC at 25°C corresponds, in general terms, 
to the sub-transition of 1,2-DPPC [11,30] That is, 
there is hydration,  low cooperatlvity, and transi- 
tion to hexagonal packing The principal dif- 
ference lies In the specific form of the packing in 
the L C phase 
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