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Formation of the antiplanar-antiplanar phosphate conformation
of dilauroylphosphatidylcholine bilayers
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Infrared spectroscopy was used to investigate lipid conformational changes that occur in dilauroylphosphatidylcholine
(diC,,PC) bilayers with and without fatty-acid-amino-acids as guest molecules in the membrane. Incorporating 2.5
mole% N-decanoylglycine (decgly) into diC,,PC liposomes caused formation of the antiplanar-antiplanar (ap-ap)
phosphodiester conformation which was stable in room temperature IR spectra. Several other fatty-acid-amino-acids
incorporated into diC,,PC bilayers were found to also elicit the ap-ap phosphodiester conformation. Unlike these
diC ,, PC /fatty-acid-amino-acid mixed bilayers, pure diC,, PC bilayers would form the ap-ap phosphodiester conforma-
tion only under low temperature incubation conditions. Dry diC,, PC films incubated at 5°C for 0.5 h (brief incubation)
or 16 h (prolonged incubation), and then rapidly hydrated (i.e., vortexed at 25°C in D,0), caused the ap-ap
phosphodiester conformation to persist in the diC,, PC liposomes equilibrated to room temperature. Slow hydration for
16 h at 5°C in both buffered and non-buffered D,0 of diC,,PC lipid films also produced the ap-ap phosphodiester
conformation. In contrast, slow hydration for 16 h at 5°C in PBS /D,0 of diC,,PC /decgly mixed films caused the
greatest number of ap-ap phosphodiester conformers. Using pure diC,,PC bilayers, infrared data indicate that
incubation of diC,,PC films causes the headgroup phosphodiester conformation to change from gauche-gauche (g-g)
conformation to the ap-ap conformation. Under all liposome formation conditions examined, no changes in hydration of
either the phosphate group or the carbonyl ester group were detected and in addition, no trans / gauche conformational
changes in the acyl chain were observed.

Introduction

Infrared (IR) spectroscopy has been previously used
to examine conformational changes in phospholipids
caused by low temperature incubation [1,2}, ion binding
to phospholipid headgroups [3-5], and guest molecules
incorporated into the bilayer [6-8]. Lipid structural
changes identified by IR spectroscopy include changes
in the acyl chain packing [2], hydration of the glycero-
backbone [2,9], hydration of the headgroup phosphate *,
and conformational changes in both the lipid acyl chains
and the phosphodiester group [10,11]. We used IR spec-

For phosphatidylcholine, complete dehydration of the phosphate
group causes the »,, PO, double-bond stretch to exist at 1262
cm ™1, Increasing hydration cause the band to shift to a minimum
near 1222 cm~! [9].
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troscopy to study conformational changes in the phos-
phodiester group of dilauroylphosphatidylcholine
(diC,,PC) bilayers with and without fatty-acid-amino-
acids incorporated into the bilayers.

The phosphate conformation, determined by the tor-
sion angles a, and a; of the O-P-O ester bonds, is
usually gauche-gauche (g-g) not only in phospholipids
but also in all other diesters of phosphoric acid [12].
From thermodynamic calculations, the phosphodiester
g-g conformation is the most stable conformation rela-
tive to the gauche-antiplanar (g-ap) and antiplanar-anti-
planar (ap-ap) forms (i.e., AG g-g < AG g-ap < AG ap-
ap) [13,14]. However, one report demonstrated that
lanthanide ions bind to hydrated PC membranes and
cause the formation of the g-ap phosphodiester confor-
mation [3], and another report demonstrated that
calcium binding to hydrated phosphatidylserine (PS)
bilayers caused dehydration of the interfacial phosphate
with concurrent formation of the ap-ap phosphodiester
conformation in the PS headgroup [4,5]. Using infrared
spectroscopy we observed the ap-ap phosphodiester
conformation in diC,,PC hydrated bilayers and
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diC,,PC/fatty acid-amino acid mixed lipid bilayers.
This is the first report describing formation of the ap-ap
phosphodiester conformation in a phosphatidylcholine
analog.

Conformational analysis of the diC,,PC phos-
phodiester conformer was based on normal coordinate
analysis [11] and infrared measurements between 850
cm™! and 650 cm~'. The wavenumbers of the single
bond O-P-O stretching and PO, waging modes, which
occur between 850 cm ™' and 650 cm !, are dependent
on the conformation of the phophodiester headgroup.
From calculated wavenumbers of the O-P-O single bond
stretching and PO, wagging modes, new vibrations near
757 ecm™' (3, (O-P-O),,,,) and 665 cm ' (v,
(PO,) 4p.ap) Occur when phosphodiester groups adopt
the ap-ap conformation. Using these IR band assign-
ments, hydration conditions required to form the ap-ap
conformation in diC,,PC bilayers were established.

Materials and Methods

Chemicals. Dilauroylphosphatidylcholine (diC,,PC)
was purchased from Avanti Polar Lipids, Birmingham,
AL. Decanoic acid, dicyclohexylcarbodiimide and N-
hydroxysuccinimide were purchased from Aldrich
Chemical Co., Milwaukee, WI. Potassium carbonate
and phosphorous pentoxide were purchased from Mal-
linckrodt, Paris, KY. Glycine was purchased from Sigma
Chemical Co., St. Louis, MO. D,0 99.8% atom D was
purchased from Aldrich Chemical Co., Milwaukee, WI.
Calcium and magnesium free Dulbeccos phosphate-
buffered saline (PBS) 10 X concentrated was purchased
from Grand Island Biological Co., Grand Island, NY.
After 10-fold dilution, the PBS buffer contained: KC1 2
g/1, KH,PO, 2 g/1, Na,HPO, 21.6 g/1, and NaCl 80
g/1. All other solvents were analytical grade and used as
received.

Synthesis. N-Decanoylglycine (decgly) was synthe-
sized as follows: decanoic acid was condensed with
N-hydroxysuccinimide in the presence of dicyclohexyl-
carbodiimide in dry ethylacetate to form the N-
hydroxysuccinimide ester of decanoic acid [15]. Di-
cyclohexylurea, which precipitated out, was removed by
filtration. The N-hydroxysuccimide ester of decanoic
acid reacted readily with the sodium salt of glycine in
aqueous/ organic H,O/THF (50:50, v/v) to form the
corresponding N-decanoylglycine. The free acid form of
decgly was obtained by lowering the pH of the reaction
mixture to 2, extracting with methylene chloride
(CH,Cl,), and recrystalizing with 50:50 methylene
chloride/ petroleum ether. Ethylacetate was dried over
anhydrous potassium carbonate followed by distillation
over phosphorous pentoxide.

Bilayer formation by rapid hydration. Multilamellar
lipid vesicles were prepared by hydrating pre-dried lipid
films with either D,O or PBS/D,0O buffer. PBS,/D,0

buffer pH 7.3 was prepared as described [16]. Lipid
films were formed in a 50 ml round bottomed flask
from either 60 mg of diC,,PC or 60 mg of diC,,PC and
0.6 mg of decgly. This corresponds to 2.5 mole% decgly
in the diC,PC membrane. The other fatty-acid-amino-
acids were also incorporated into the membrane at this
molar concentration. Thus all mixed-lipid bilayers for
this work wused diC,,PC/ fatty-acid-amino-acid
(97.5:2.5, mole/mole). The pre-dried lipid films were
then either non-incubated, incubated at 5°C for 0.5 h
(brief-film-incubation e.g., process a in Fig. 2), or in-
cubated at 5°C for 16 h (prolonged-film-incubation e.g.,
process b in Fig. 2) before hydration. For incubation,
the round bottom flasks were tightly sealed to prevent
accumulation of atmospheric H,O. For unknown rea-
sons, slow hydration in PBS/D,O caused a 10-fold
increase in H,0O, contaminating the final bilayer suspen-
sion. This was the only incubation condition that caused
excess H,O in final D,0-liposome suspension. Spectral
subtraction of the aqueous buffer used to prepare the
bilayer did not remove the residual HOD in the spectra.
The HOD bending deformation occurs near 1460 cm ™',
which is similar to the IR peak position associated with
the hydrocarbon bending deformation. Incubated and
non-incubated lipid films were rapidly hydrated by
vortexing with 0.5 ml of either buffered or non-buffered
D,0O at either 25°C or 5°C. We note that diC,,PC
bilayers prepared at room temperature (25°C) from
non-incubated films are considered to be in the L,
liquid-crystalline phase regardless of the aqueous dis-
persion media (i.e., D,O or PBS/D,0). The IR spectra
of diC,PC bilayers in the L, phase (Fig. 1) was used as
a reference spectrum for IR band assignments.

Bilayer formation by slow hydration. Slow hydration
of non-incubated and briefly incubated lipid films were
performed by the following process: (1) an aqueous
phase (0.5 ml) chilled in an ice bath was gently placed
on top of the dried lipid film; (2) the tightly sealed flask
was incubated for 16 h at 5°C; and (3) the dispersion
was vortexed. For slow hydration of briefly incubated
films, the dried lipid film was left at 5°C for 0.5 h
before the addition of the 0.5 ml chilled aqueous phase.

Preparation of bilayers for infrared analysis. Bilayers
were prepared for IR analysis in a microfuge. Both
incubated and non-incubated bilayers were con-
centrated on the 0.2 pm filter of a 1.5 ml microfilterfuge
tube (Rainin Instrument Co., Woburn, MA) to a final
volume of 0.2 ml (300 mg lipid per ml) using a micro-
fuge (5 min at 7000 rpm). Less than 2% of the lipid was
lost through the filter as determined by IR analysis of
lipid in the filtrate [17]. The bilayers were allowed to
equilibrate to room temperature for a total of 30 min
before IR spectra were obtained. This room tempera-
ture equilibration is process g in Fig. 2 and process f in
Fig. 3. We emphasize that this ‘equilibration’ to room
temperature is not the equilibration of the lipid to a



specific phase like the L, or L_.. Rather, this is an
equilibration of the lipid to room temperature so that
the IR spectral subtraction of the aqueous phase, used
to prepare the bilayers, is not complicated by tempera-
ture dependent band shifts.

Infrared spectroscopy. A Nicolet 20SXC FT-IR spec-
trometer utilizing a liquid nitrogen cooled mercury-
cadmium-telluride (MCT-A) detector and a germanium-
on-KBr beamsplitter was used to record IR spectra. All
IR spectra were from 512 coadded double sided inter-
ferograms obtained at 4.0 cm ™! resolution, and apodized
with a Happ-Genzel function before Fourier transfor-
mation. Both the background spectra and the sample
spectra were obtained using a high pressure micro
CIRCLE flow cell (Spectrotech Inc., Stamford, CT)
[18-20] equipped with a ZnSe micro rod crystal. The air
background single beam reference spectrum was ob-
tained after the CIRCLE flow cell was throughly rinsed
with D,0 and purged with nitrogen for 5 min. The flow
cell was set up in a Nicolet auxiliary bench sample
compartment which is a closed system under constant
purge. Purge air, free of water vapor and carbon dioxide
vapor, was provided by the headspace from a liquid
nitrogen tank. The body of the flow cell contained inlet
and outlet ports for 1 mm diameter tubing. The inlet
tube was fitted with a luer adapter outside the sample
compartment; sample introduction into the flow cell
with a 1 cc disposable syringe thus did not require
opening the sample compartment. Constant purge of
the closed compartment virtually eliminated CO, and
H,0 vapor bands in the final IR spectra. Few IR
spectra showed any trace of CO, and H,O vapor.

All IR spectra were obtained at room temperature on
fully hydrated bilayers equilibrated to room tempera-
ture as described above in Preparation of bilayers for
infrared analysis. All infrared data are shown as dif-
ference spectra, whereby the aqueous solvent used to
prepare the bilayers was subtracted. The deuterated
buffer and D,0 were chosen to avoid potential artifacts
in the infrared region near 1640 cm™' when non-de-
uterated aqueous solvents are subtracted [19,21]. Sub-
traction, of the PBS /D,0 or D,O IR spectrum from the
IR spectrum of the liposomes, used the O-D stretch
band at 2400 to 2200 cm™' and the O-D bending
deformation at 1300 to 1100 cm™" as reference bands
[22,23] (a scaling factor near 1 was always used). Water
vapor bands were subtracted as necessary. Subtraction
of carbon dioxide vapor was performed only when the
ap-ap conformation did not appear and the 670 cm ™!
region was not critical for conformational assignment.
Such subtractions were performed after subtraction of
the D,0 solvent in order to more clearly see the CO,
bands at 2350 cm ™! and 669 cm~'. Any infrared spec-
tra of liposomes with the ap-ap phosphodiester confor-
mation that contained carbon dioxide vapor were re-
measured thus preventing any band assignment confu-
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sion with the Q branch of the CO, bending vibration.
All spectra were baseline corrected. Deconvolution of
the carbonyl ester region 1760-1700 cm™' and the
phosphodiester region 900-650 cm™! was performed
using the DECON software available from Nicolet.
Parameters for deconvolution [24,25] are given in the
figure legends. The Nicolet peak pick subroutine, which
utilizes a cubic spline function, was used without ad-
ditional smoothing to identify IR band positions.

For Figs. 4 and 5, hydration conditions were rank
ordered according to the amount of ap-ap phosphodies-
ter conformers generated by the different hydration
conditions. The number of ap-ap conformers were re-
lated to the intensity of the 759 cm™' 7, (O-P-0),,,,
band, which is unique to the ap-ap conformation. The
extinction coefficient for the ¥, (O-P-O),,,, band has
never been measured; thus direct calculation of the
number of ap-ap phosphodiester conformers was not
possible. Consequently the integrated intensity of the ¥,
(O-P-0),,,, band was used to qualitatively evaluate the
number of ap-ap phosphodiester conformation. Since
the intensity of the »; (O-P-O),, ,, band depends on the
amount of lipid present in the specimen during IR data
collection, the ¥, (O-P-O),, ,, band was normalized by
the 720.8 cm ™! CH, rocking vibration [y, (CH,)]. The
Y, (CH,) band intensity did not change with different
hydration conditions or with different conformations of
the phospholipid headgroup. Thus normalizing the data
involved dividing the integrated intensity of the ¥, (O-P-
O) .p-ap band by the integrated intensity of the y, (CH;)
band. This ratio, denoted as I[y, (O-P-O),,.1/1[Y,
(CH,)], permitted comparison between different hydra-
tion conditions with regard to the formation of ap-ap
phosphodiester conformers in the headgroup region.
The », (O-P-O),,,, band was integrated between the
limits of 785 cm ™! and 730 cm™!. The vy, (CH,) band
was integrated between the limits of 730 cm ™' and 710
cm~!. Band intensities were integrated using a com-
puter program [17]. The computer program baseline
corrects each peak before integration by drawing a
straight line between the wavenumbers used as the
integration limits.

Results

The infrared spectrum between 4000 cm ™' and 600
cm™?! of diC,,PC hydrated bilayers in the L, phase is
shown in Fig. 1. The IR spectrum of the phosphodiester
region (top right Fig. 1) of diC,,PC, eliciting a gauche-
gauche (g-g) phosphodiester headgroup conformation,
shows the single bond O-P-O symmetric stretch [¥,
(O-P-0),] at 823.4 cm™' and the single bond O-P-O
asymmetric stretch (7,; (O-P-0),,) at 767.2 cm™! (band
assignments are given in Table I). The band at 873.4
ecm™' to the left of the », (O-P-O),, is the C-N-C
symmetric stretch (7 (C-N-C), ] of the choline O-C-C-N
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TABLE I

Calculated wavenumbers (cm ™'} of the single bond O-P-O stretching
modes and PO, wagging mode of dialkyl phosphate anion [11]

g, gauche; ap, antiplanar.

Mode Conformation

ap,ap g,ap 28
7, O-P-O 832 780 750
y, O-P-O 757 790 819
Yo PO, 665 663 545

frame in the gauche conformation [10]. The band near
721.2 cm™ ' to the right of the 7,; (O-P-0),, is the CH,
rock (v, (CH,)) [10]. Deconvolution of this phos-
phodiester region (Fig. 1A, upper spectrum) revealed
that the », (O-P-O),, band is comprised of a central
peak at 824.6 cm ! with shoulders at 806.3 cm ™' and
851.9 cm ™', and that the 7, (O-P-O),, band is com-
prised of a peak at 768.5 cm ' with a shoulder at 750.0
cm!. The phosphate group is hydrated as indicated by
the position of the double-bond PO, asymmetric stretch
(7,, (PO,)) at 1236 cm™' (Fig. 1, starred band) [9].
Deconvolution elicited two bands in the ester carbonyl
region near 1740 cm ! and 1725 cm™! with the 1725
cm ™! band being the largest peak (Fig. 1, top left); this
indicates that the sn-2 ester carbonyl (C = O) group is
hydrated [9].

1725

Fig. 2 shows the hydration conditions used to rapidly
hydrate diC,,PC films. Dry diC,,PC films were sub-
jected to brief-film-incubation (process a), prolonged-
film-incubation (process b), or were not incubated prior
to liposome formation. Liposome formation is shown as
processes ¢, d, e, and f in Fig. 2. The IR spectra between
1900—640 cm ! for diC,,PC bilayers hydrated with and
without low temperature incubation are shown in Fig. 2.
The IR region from 4000 cm™' to 1900 cm™' was
omitted in Fig. 2 because no changes in the C-H stretch-
ing region were observed, both the symmetric 6, CH,
and asymmetric §,, CH, stretching bands were constant
for all hydration conditions tested; 8, CH, 2853.2 cm ™'
and §,, CH,=2922.5 cm~!. This indicates that no
change in the methylene trans / gauche population was
detected under our incubation conditions. However,
changes in the headgroup phosphate were detected as
described below.

The IR spectra in Fig. 2 for diC,,PC in the L, phase
(liquid crystalline) was obtained for non-incubated films
hydrated at 25°C in both PBS/D,0 and D,O (path
¢ — g) and also for briefly incubated films dispersed in
PBS/D,0 at 5°C and 25°C (path a — d - g). Unex-
pectedly, briefly incubated films dispersed in D,O (but
not PBS/D,0) at both 5°C and 25°C showed a phos-
phodiester conformational change to the ap-ap confor-
mation (path a »e—g, Fig. 2). This is evident by
comparing the IR spectra in Fig. 2 in the region be-

824
¢ 767

AN

1800 1725 1650 901 817 733 649
WAVENUMBER WAVENUMBER
*
A
4000 3320 2640 1860 1280 600 901 817 733 Bug
WAVENUMBER WAVENUMBER

Fig. 1. Infrared spectrum from 4000 cm ™! to 600 cm ™! of hydrated diC,,PC bilayers in the L liquid crystalline state (non-incubated film, room

temperature formation) after PBS/D,O subtraction. The phosphodiester region from 901 cm ™! to 649 cm ™! (top right) and the deconvolved ester

carbonyl region from 1800 cm ™! to 1650 cm ™! (top left) are expanded for clarity. Deconvolution of the ester carbonyl region used a Bessel

apodization function, a half-width-at-half-height of 12 cm™', and a resolution enhancement factor of 1.5. The double bond 7,, PO, band is
labelled (*).

Fig. 1A. Infrared spectrum of the phosphodiester region from 901 cm™! to 649 cm ™! (bottom spectrum) from Fig. 1 and the same region
deconvolved (upper spectrum). Deconvolution of the phosphodiester region used a Bessel apodization function, a half-width-at-half-height of 18
cm ™}, and a resolution enhancement factor of 1.5.
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Fig. 2. Infrared spectra from 1900 cm ™! to 640 cm ™ of rapidly hydrated diC,,PC bilayers resulting from different film incubation conditions. The

three mosaic rectangles depict the dry lipid film that was non-incubated (center), briefly incubated (right), and extensively incubated (left). The

darkened areas in the films represent crystalline L, lipid patches. One-half bilayer is depicted in which the darkened headgroups represent the

ap-ap phosphodiester conformation. The deconvolved ester carbonyl region (broken lines) is shown above each corresponding spectrum (see Fig. 1
legend for deconvolution parameters).

tween 850 cm™! to 640 cm™!. Based on dialkylphos-
phate anions (Table I), the extended ap-ap phos-
phodiester orientation is predicted to exhibit bands at
832 cm™, 757 cm™!, and 665 cm ™. In Fig. 2, the upper
IR spectrum shows bands at 825.1 cm™?, 759.3 cm ™!,

301 817 733 649

WAVENUMBER

Fig. 2A. Deconvolution of the phosphodiester region shown in Fig. 2
upper spectrum. Deconvolution parameters of the phosphodiester
region are given in Fig. 1A legend.

and 667.2 cm™! corresponding to the 7, (O-P-O), .
stretch, »; (O-P-O),,,, stretch and v,, (PO,),p.,, Wag
bands, respectively. Both the intense band at 759.3
cm™! and the new band at 667.2 cm™! are not present
in the L, phase (bottom spectrum of Fig. 2). Decon-
volution of the phosphodiester region (Fig. 2A, upper
spectrum) demonstrates that the »,; (O-P-O),,. a% band
is comprised of a central peak at 826.2 cm
shoulders at 808.6 cm ™! and 853.1 cm™?, whereas the 7,
(0-P-0),,., f’ band is comprised of only one band at
759.0 cm™'. The bands at 759 cm™! and 667 cm™!
indicate a substantial population of phosphodiester ap-
ap conformers. Buffer components were not present
during the brief incubation of the film, or during lipo-
some formation, and the ap-ap conformation was stable
for several hours.

The conformational change in the headgroup phos-
phate (g-g to ap-ap) induced by film incubation was
apparently not accompanied by dehydration of either
the phosphate group or the interfacial carbonyl ester
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group. Hydration of the phosphate group is indicated
by the same 7,, (PO,) band position (1236 cm™')
relative to the L, phase. Hydration of the carbonyl ester
group is based on deconvolution. The deconvolved ester
carbonyl region for the diC,,PC bilayers (broken lines,
Fig. 2) shows the low frequency band at 1725 cm ™! has
the largest peak intensity. Thus the extent of hydration
of the sn-2 C = O ester carbonyl remains constant for
the different film incubation conditions shown in Fig. 2.

As demonstrated above, diC,PC films briefly in-
cubated (process a in Fig. 2) formed the ap-ap confor-
mation only in the absence of buffer components. In
contrast, diC,,PC films subjected to prolonged incuba-
tion (process b, Fig. 2) formed the ap-ap conformers
with or without buffered components. Thus the small
patches of crystallized lipids in the briefly incubated
film are destroyed when challenged with buffer (path
a—>d—g, Fig. 2); whereas, large crystalline lipid
patches in films extensively incubated survive buffer
and room temperature hydration conditions (path b — f

FTIR
spectra

slow hydration -
5° pgs/ny0 /S ¢

- g, Fig. 2). Similar to brief incubation, the extent of
hydration for both the phosphate group and ester
carbonyl group remained constant under these condi-
tions, as discussed in the last paragraph.
Pre-incubation of the diC,PC dry lipid films before
rapid hydration, i.e., liposome formation, shown in Fig.
2 is different from the incubation of intact, fully hy-
drated, multibilayer liposome membranes which contain
intralamellar water. However, our slow hydration at
5°C of predried diC,,PC lipid films provided both
hydration and intralamellar water during the process of
liposome formation. Hydration conditions and IR spec-
tra of slowly hydrated diC,,PC films is shown in Fig. 3.
Liposome formation by slow hydration at 5°C eliminates
differences in the IR spectra caused by brief film in-
cubation. For instance the slow hydration at 5°C of
non-incubated dry diC,,PC films in PBS/D,0 (path
b — f, Fig. 3) generated the same infrared spectra as the
slow hydration at 5°C of briefly incubated dry diC,,PC
films (path a-—c¢ —f, Fig. 3). However, there is a
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Fig. 3. Infrared spectra of diC,,PC bilayers that were slowly hydrated for 16 h at 5°C from non-incubated and briefly incubated dry lipid films. See
Fig. 2 legend for description of the model and Fig. 1 legend for ester carbonyl deconvolution parameters.



difference in the IR spectra when diC,,PC is slowly
hydrated in PBS/D,0 buffer compared to only D,0.

Slow hydration in D,0O alone generates the ap-ap
phosphodiester conformation (ap-ap phosphodiester
bands »; (O-P-0),,,,, at 759 cm~ ! and v, (PO, ) 4pap at
667 cm™!); whereas, slow hydration in PBS /D,0 buffer
generates the ap-ap conformational change and also an
increase in the band intensity under the & (CH,)
centered at 1467 cm™ ! in Fig. 3 (upper spectrum). In
addition to the increased band intensity at 1467 cm ™!,
there was a large increase in the O-H stretching band
near 3400 cm™' (not shown). This O-H stretch band
area was 10 X larger than the O-H band area found in
any other IR spectra. Control experiments whereby
infrared spectra of a H,0/D,0 mixture (0.5% through
2.0%, data not shown) confirmed that the increased
band intensity near 1460 cm ™! (in Fig. 3, upper spec-
trum) was the O-H in plane bending deformation from
HOD contamination. During slow hydration in PBS-
D,0, a few percent H,O accumulated in the suspension
and this H,O exchanged with the D,O buffer forming
HOD.

Because of this HOD contamination, the original
unsubstracted spectra from the slow hydration with
PBS/D,0 was subtracted using H,0/D,0 1% as the
reference spectrum. After subtraction, the O-H bands
were no longer present (not shown), no change in the
intensity of the bending deformation was found, but the
intense ap-ap phosphodiester bands at 759 cm™! and
667 cm ™! remained unchanged in Fig. 3, upper spectra.
The O-H in plane bending deformation is centered at
1458 cm ! and is a broad band. This also indicates that
H,O contamination was not responsible for the forma-
tion of the ap-ap phosphodiester conformation for
diC,,PC liposomes formed by slow hydration as de-
picted in Fig. 3. In addition the ap-ap phosphodiester
conformation occurred to the same extent for all slow
hydration conditions using both buffered and non-
buffered D,0 solutions (compare phosphodiester re-
gions for buffered and non-buffered D,0O in Fig. 3); this
further supports the observation that H,O contamina-
tion did not effect the formation ap-ap phosphodiester
conformation.

In summary, the increased band intensity centered at
1467 cm™! (Fig. 3) found in the room temperature
spectra of slowly hydrated liposomes was due to un-
compensated HOD and not conformational changes in
the alkyl chains. This is consistent with the observation
that no changes in », CH, or »,, CH, were observed.
Based on low temperature incubation studies of pure
diC,,PC films, the headgroup phosphodiester under-
goes a conformational change from g-g to ap-ap without
an observable change in the acyl chain conformation or
the degree of hydration of the phosphate group and
carbonyl ester group.

The IR spectra in Figs. 2 and 3 indicate that pure
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diC,,PC liposomes require low temperature incubation
to form the ap-ap phosphodiester conformation. Incor-
porating decgly into diC,,PC bilayers eliminated the
requirement of low-temperature incubation for the ap-ap
phosphodiester conformers to form. However, although
some ap-ap conformers were always present, the amount
of ap-ap conformers formed from diC,,PC/decgly
mixed bilayers depended upon the hydration condi-
tions. Mixed diC,,PC /decgly bilayers were hydrated by
all conditions shown in Figs. 2 and 3 for pure diC,,PC
bilayers: but a model correlating lipid structural changes
with the different hydration conditions could not be
established. Consequently, hydration conditions were
tabulated directly below the IR spectrum for diC,,
PC/decgly mixed bilayers as shown in Figs. 4 and 5.

Hydration conditions in Fig. 4 and 5 were grouped
according to the intensity ratio /[y, (O-P-0),,.,,1/1[v,
(CH,;)]. Dividing the », (O-P-O),,,, by the v, (CH,)
rock normalized the IR data for the amount of lipid in
the specimen during data collection and allowed the
direct comparison of the spectra resulting from the
different hydration conditions. The assumption was
made that the intensity of the », (O-P-O),, ,, band at
759 cm™! correlates with the number of ap-ap con-
formers in the diC,,PC/decgly mixed bilayers. Thus
Fig. 4 (top spectrum) shows hydration conditions elicit-
ing the least number of ap-ap phosphodiester con-
formers (i.e., I[y, (O-P-O),,,,1/1[y, (CH;)] <6); and
also hydration conditions eliciting a slightly larger num-
ber of ap-ap conformers (bottom spectrum, 6 < I[7,
(0-P-0),,,.,,)/I[¥, (CH,)] < 10).

The hydrocarbon stretching region in the IR spectra
of mixed diC;,PC/decgly bilayers did not give any
evidence of change in the alkyl chain trans/gauche
ratio (i.e., the »,, CH, and », CH, band position did
not change). Consequently only the phosphate region
between 901 cm ™' and 649 cm ™! are shown in Fig. 4.
The top spectrum in Fig. 4 shows that all hydration
conditions, whereby diC,,PC/decgly mixed bilayers
were rapidly hydrated, cause a small amount of ap-ap
phosphodiester conformers. Deconvolution of this phos-
phodiester region of diC,,PC/decgly bilayers (not
shown) produced spectra similar to the deconvolved
spectrum in Fig. 2A. Based on Fig. 2, process b, it is
likely that a significant population of ap-ap conformers
form during prolonged incubation of the mixed lipid
films, but vortexing (for rapid hydration) was suffi-
ciently harsh to disrupt any crystalline patches of lipid
where the ap-ap conformers exist.

Slow hydration in D,0 caused a significant popula-
tion of ap-ap phosphodiester conformers (Fig. 4, bot-
tom spectrum); whereas, slow hydration in PBS/D,0
caused the largest number of ap-ap conformers (Fig. 5).
The largest value of [, (O-P-O),,.,,1/1[Y, (CH,)] = 50
was obtained for slow hydration of diC,,PC/decgly
bilayers when the films were briefly incubated before
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Fig. 4. Infrared spectra from 901 cm™! to 649 cm™! of rapidly

hydrated diC,,PC/decgly bilayers resulting from different film in-
cubation conditions. Hydration condition pathways are identical to
those used in Fig. 2.

hydration (lower spectrum, Fig. 5). Slow hydration of
non-film-incubated diC,,PC/ decgly bilayers also
elicited a large relative intensity I[y, (O-P-O),,.,1/1[,
(CH,)] = 25 (upper spectrum, Fig. 5). Based on decon-
volution of »,, PO, and the carbonyl region as in the
diC,,PC bilayers alone, the headgroup phosphate con-
formational change (g-g to ap-ap) in diC,,PC/decgly
bilayers was not accompanied by dehydration of either
the phosphate group or the interfacial ester carbonyl
group under both rapid and slow hydration liposome
formation conditions. We note that slow hydration of
pure diC,,PC bilayers in PBS/D,0 caused a large
population of ap-ap conformers to appear (i.e., 1|y
(0-P-O),,.0p1/1[y, (CH3)] = 12.5). However,
diC,,PC/decgly bilayers slowly hydrated in PBS/D,0

showed a greater increase in the relative number ap-ap
phosphodiester conformers with a ratio I[»(O-P-
0)upapl/Ilv, (CH,)] that was 2-4-times greater for
diC,,PC/decgly vs. pure diC,,PC bilayers under these
hydration conditions. This indicates that the mixed lipid

759
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667
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Fig. 5. Infrared spectra from 901 cm™' to 649 cm™ ' of diC,,PC/

decgly bilayers that were slowly hydrated for 16 h at 5°C from

non-incubated and briefly incubated dry lipid films. Hydration condi-
tion pathways are identical to those used in Fig. 3.



bilayers have 2-4-times more ap-ap phosphodiester
conformers than pure diC,,PC bilayers when the lipids
are slowly hydrated in PBS/D,0.

Although the IR spectrum of CO, vapor elicits an
intense band near 2350 cm ™! another weak CO, funda-
mental which is the Q branch of the v, CO, bending
vibration is found near 667 cm™'. This CO, band was
calculated to occur at 667.3 cm ™! and 668.3 cm ™! [26],
which occurs in the region of the vy,, (PO,),,,, band at
667 cm™! associated with the ap-ap phosphodiester
conformation. Therefore comparing the v, CO, bending
vibration to the v, (PO,),,,, band was critical for our
conformational assignments [27]. Due to the experimen-
tal design of our FT-IR instrument purge system, virtu-
ally all IR spectra contained no CO, bands at 2350
cm™ !, (which is slightly to the right of the valley in the
spectrum shown in Fig. 1). A few IR spectra contained
the 2350 cm~! CO, band and CO, vapor subtraction
was performed using a CO, reference spectrum [28] for
those spectra which did not have the ap-ap phos-
phodiester conformation. It is emphasized that in spec-
tra containing the ap-ap phosphodiester conformation,
any appearence of CO, vapor resulted in the remeasure-
ment of the spectrum until no carbon dioxide vapor was
present. However, we compared the band shapes of the
¥, CO, bending vibration from our reference spectrum
with the IR spectrum of diC,,PC/ decgly bilayers elict-
ing the ap-ap phosphodiester conformation. As shown
in Fig. 6, the band width of the ¥, CO, bending
vibration is narrow compared to the v, (PO,),,.,, band,
and the », CO, bending vibration is 1.5 cm ™! higher in
peak position (668.8 cm™!) than the band we report as
the PO, wag of the ap-ap phosphodiester conformation
(667.2 cm ™). Although our reported value for the CO,
vibration is approx. 1 cm™! greater than the accepted
frequency [26], this value was found to be reproducible
for our auxiliary bench sample compartment. This dis-
crepancy is due to several factors including the resolu-
tion at which the spectra was obtained (4 cm™! with
data encoded every 2 cm '), the asymmetric peak shape

667
'
669
PO, wag
o,
691 677 663 649
WAVENUMBER

Fig. 6. Infrared spectra of the 691 cm™?! to 649 cm™! region for CO,
vapor reference (bottom) and diC;,PC/decgly bilayers made from the
slow hydration of a briefly incubated dry lipid film.
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of the #, CO, bending vibration, how the cubic spline
peak pick function fits the encoded data, and the refrac-
tive index of the ZnSe crystal of the CIRCLE microcell.
Although all of our reference spectrum were taken with
the CIRCLE flow cell in the spectrometer a, separate
CO, reference spectrum obtained without the CIRCLE
flow cell in the beam path had a 667.7 cm™! , CO,
bending vibration in our spectrometer (not shown).

Discussion

We examined lipid structural changes induced by
low-temperature incubation of diC,,PC and diC,,PC/
decgly lipid films by IR spectroscopy. Unlike NMR, the
time frame for infrared absorption is the time necessary
for a molecular vibration [29]. Consequently, observing
conformational changes by IR spectroscopy does not
give information about the dynamics of the conforma-
tion. Thus, the dynamics of the ap-ap phosphodiester
conformers elicited by different hydration conditions
and mixed lipid systems cannot be evaluated by IR
analysis.

Our experimental strategy was to incubate either
diC,,PC or diC,,PC/decgly (97.5:2.5) lipid films for
different lenghts of time, form hydrated bilayers at
either low temperature (5°C) or at room temperature
(25°C), equilibrate to room temperature, and obtain
room temperature IR spectra. Room temperature IR
spectra of liposomes made from previously incubated
films will identify kinetically slow lipid structural
changes that form or relax slowly.

Incubation times were based on X-ray diffraction
studies of diC,;,PC hydrated bilayers that identified
three incubation time domains during which different
structural changes in the multiple-bilayer system oc-
curred [30]. Domain 1, incubation time from O to 1.5 h,
caused minimal headgroup dehydration, but maximal
changes in the hydrocarbon packing of the acyl chains.
Domain 2, incubation time from 1.5 to 12 h, caused
headgroup dehydration, interlamellar dehydration, and
further changes in the hydrocarbon packing of the acyl
chains. For domain 3, incubation time >12 h, no
further changes in the lipid system were observable by
X-ray diffraction and therefore incubation was com-
plete. Although these time domains were established for
the incubation of fully hydrated lipids, we used similar
incubation time domains for pre-dried lipid films.

Low temperature incubation as descibed above,
causes saturated PCs to crystallize into a metastable L,
phase denoted as a subtransition gel [2]. However, our
incubation conditions did not form the expected lipid
structural changes associated with the L, phase. Char-
acteristic of the L phase is a rearrangement of the acyl
chain packing [2], headgroup dehydration [30,31], de-
creased mobility of the headgroup phosphate {32], and a
conformational change in the glycerolbackbone with a
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large steric barrier to rotation [1,2]. Under our incuba-
tion conditions neither rearrangement of acyl chain
packing, nor dehydration of the headgroup nor changes
in the glycerobackbone were apparent. However, forma-
tion of the ap-ap phosphodiester conformation undoub-
tably restricted the mobility of the headgroup probably
similar to the L, phase of other saturated PCs. We note
the unusual phosphodiester ap-ap conformation has not
been reported to occur in the L. phase of saturated
PCs.

DSC and X-ray experiments of dipalmitoylphospha-
tidylcholine (diC,(PC) corroborate our results [33].
DiC,(PC lipid powder incubated under conditions simi-
lar to ours and hydrated with H,O at 5°C resulted in
the formation of new L phases as determined by DSC
[33]. These new L_ gel phases were relatively stable for
4 h at room temperature (23°C) [33]. Structural infor-
mation using X-ray diffraction indicated that the new
L. phases were different from the standard L. phase
[33].

The L_ phase of saturated PCs is metastable and, in
addition, formation and relaxation of the L. phase is
kinetically slow [2,18,34]. For diC,,PC bilayers, incuba-
tion for 5 days is required to completely convert diC,,PC
bilayers into the L_ phase [34] (i.e., after 5 days at 5°C,
no further changes by DSC were observed). DiC,,PC is
the shortest chain PC that forms an L_ phase observa-
ble by DSC; shorter chain analogs require ° P-NMR to
observe the transition [34]. From DSC analysis, heating
L. phase diC,,PC bilayers converts the bilayers to the
L, phase when the temperature exceeds the sub-transi-
tion temperature (7,) [34]. Further heating converts the
Ls phase to the L, phase when the temperature ex-
ceeds the main transition temperature (7)) [34]. In-
cubated diC,,PC bilayers have a T, at 3°C and a T, at
4.5°C [34]. Our room temperature IR spectra of diC,,PC
bilayers demonstrate that the structural changes, in-
duced by low temperature film incubation, persist well
above the T, and T, of diC,,PC bilayers in the L_
phase. The ap-ap phosphodiester conformation was sta-
ble at room temperature for at least 4 h.

The formation and persistance of the ap-ap phos-
phodiester conformation in room temperature bilayers
was unexpected. In L, phase bilayers, individual lipid
molecules have several molecular motions including
axial rotation [35], lateral diffusion [36], and even a slow
flip-flop [37]. If these motions are available to the lipid
molecule having the ap-ap phosphodiester conforma-
tion, relaxation of the thermodynamically unfavorable
ap-ap conformation to the g-g phosphodiester confor-
mation would occur. For this reason, patches of crystal-
lized lipid are postulated and these patches of lipid,
formed by incubating dry-lipid-films (e.g. path b —» f —»
g in Fig. 2) survives the harsh conditions of hydration.
Based on diC,,PC films briefly incubated (Fig. 2),
hydration in D,O is more gentle than hydration in

PBS/D,0. Briefly incubated films contain crystalline
patches; some of the patches survive hydration in D,0
but not hydration in PBS/D,0.

The number of ap-ap phosphodiester conformers
produced by slow hydration of pure diC,,PC bilayers
was the same for hydration in PBS/D,0 and D,O
(compare Fig. 3 top and bottom spectra). In contrast,
the number of ap-ap conformers was much greater
when diC,,PC/decgly bilayers were slowly hydrated in
PBs/D,0 compared to slow hydration in only D,O
(compare Fig. 4 bottom spectra to the spectra in Fig. 5).
The reason for this discrepancy most likely depends on
the ionization of the decgly in the membrane. Decgly in
the membrane will ionize when buffered water
(PBS/D,0 is pH 7.3) is used as the hydration solvent
whereas, in D,O, the ionization of decgly in the mem-
brane will depend on the pH. The pH of diC,,PC/
decgly mixed bilayers hydrated in D,0 was initially 5.0,
which did not change over 0.5 h, and after 16 h of slow
hydration the pH was 4.7. Infrared spectra showed IR
bands associated with the asymmetric carboxyl stretch
(7,, COO™) at 1600 cm~! for the diC,,PC/decgly
bilayers slowly hydrated in PBS/D,O but not in D,O.
This indicates that the decgly in diC,,PC/decgly mixed
bilayers hydrated in D,O alone is in the unionized state.
Although ionization of the carboxyl group of decgly
correlates with the formation of significant amounts of
ap-ap phosphodiester conformers, the mechanism(s) re-
sponsible for this observation is unknown. lonized
carboxyl groups may facilitate phase separation of the
membrane lipids, ion-pair with the quarternary amine
headgroups, and/or change the membrane surface
charge. In addition, ionization may position the fatty-
acid-amino-acid at a different depth in the bilayer com-
pared to the free acid form of decgly. Further studies
are necessary to elucidate the mechanism between decgly
and diC,,PC molecules in the ionized and unionized
state.

Fatty acid analogs containing spin probes or fluo-
rescent indicators have been criticized because they
perturb the membrane environment they are probing
[38]. Fatty-acid-amino-acids are also expected to per-
turb the membrane environment. However, it is exactly
this membrane perturbation we wish to study because a
large number of cellular and viral proteins contain a
covalently bound lipid [39-41]. Included in this group
are amino-terminal glycine fatty acylated proteins [39-
41], therefore the observation that decgly induced the
ap-ap phosphodiester conformation in phosphatidyl-
choline membranes may be biologically significant.
Fatty acid acylation of proteins has been shown to be
essential for membrane localization, cellular transfor-
mation, and viral particle assembly [42—60]. Myristoyl
residues are attached co-translationally, to an N-termi-
nal glycine residue [39-41]; whereas, palmitoyl groups
are attached post-translationally to cysteine thiol res-



idues not on the N- or C-terminal of the protein [39-41].
Fatty-acid-membrane-anchors, position some of the ad-
jacent amino acid residues of the mature proteins near
the headgroup region of the membrane. Since several
membrane proteins contain covalently bound fatty acids,
fatty-acid-amino-acids and fatty-acid-peptides are natu-
ral probes of biologically relevant membrane proteins.
We recently established a data bank of transmembrane
proteins sequences with the intent of identifying bio-
logically relevant sequences to study protein-lipid inter-
actions at the membrane surface using infrared spec-
troscopy [61].
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