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The conformational and dynamic behavior of a new model membrajgdipalmitoylsn-glycero-phospho-
diglycerol (DPPG)—is studied for the first time byH and3P NMR spectroscopy. The investigations are
focused on the evaluation of the molecular properties of the lipid molecules as a function of temperature and
sample compositiortH NMR studies are performed on water dispersions with lipids bearing either selectively
deuterated (at position C-6 of both aliphatic chains) or perdeuterated acyl chains. The present studies
demonstrate that the introduction of the hydrophilic diglycerol headgroup is accompanied by a reduction of
the orientational and conformational order of the acyl chains. The combined analysis?f MR line

shape and FT IR dateobtained from experiments on DPRP§&amples with both perdeuterated and selectively
deuterated acyl chaingrovides the conformational properties of the methylene positions along the fatty
acid chains?H NMR line shapes and spirspin and spirrlattice relaxation data are further analyzed and
provide insight into the dynamic features of these model membranes. By means of computer simulations,
different motional modes can be distinguished, comprising (overall) anisotropic rotational diffusion, chain
isomerization, and lateral diffusion. It is found that the bulky diglycerol headgroup has a significant effect on
the molecular mobility of the lipid molecules, as shown by comparison with other lipid systems, such as
DMPC and DPPC.

Introduction OH OH
o
In recent years, solid-state NMR spectroscopy, comprising 1 /0\)\/0\)\/‘3“
2H, 31p, 13C, and'H NMR methods, has provided detailed o=
[¢]

information about the molecular behavior of lipid molecules in

model and biological membran&s® In particular, dynamic /_(

NMR techniques have demonstrated their particular suitability

for the evaluation of the conformational and ordering features o

of membrane components, as well as the nature and time scales R= W

of the molecular motions in such lipid systems. In this context, o

especially’H NMR spectroscopy on selectively deuterated and

perdeuterated compounds has been found to be extremely 1,2-dipalmitoyl-sn-glycero-3-phosphatidyldiglycerol (DPPG,)

helpful}~3 Thus, the analysis of line shape and relaxation Figure 1. Chemical structure of the phospholipid DPRA@ed in this

experiments provides access to the various motional contribu-work.

tions in lipid bilayers, which-depending on the actual system

might occur on quite different time scales, ranging from tt0 several theoretical approaches ekfst> Earlier studies have

10251, shown that the actual lipid structure, sample composition, and
Apart from the dynamic informatiofH NMR spectroscopy ~ sample temperature (or bilayer phase) have a strong impact on

also provides details about the ordering characteristicterms such ordering features.

of conformational and overall chain ordeof the lipid mol- In this contribution, we present the first comprehenside

ecules, which normally requires a comprehensive computer- and 3P NMR study on a new synthetic model membrane

assisted analysis® Recently, it has been demonstrated that such 1,2-dipalmitoylsn-glycero-phospho-diglycerol (DPRG see

ordering quantities are also accessible quite easily from aFigure 1)-which belongs to the group of 1,2-dipalmitoyl-

combined analysis® of 2H NMR and FT IR data (e.g., CD snglycero-phospho-oligoglycerols (DPRGx = 1, 2, ...)8

rocking band region between 600 and 670 €rf%1) on lipids Like the well-known “Stealth” phospholipid$; 2! the present

with selectively deuterated acyl chains. If on the basis of such oligoglycerol phospholipids show a prolonged in vivo blood

an analysis the conformational order throughout the whole acyl circulation time and are therefore of considerable interest as

chain is known, then in addition the projection length of the drug carriers. The present work addresses the molecular origin

alkyl chain on the director can be readily calculated, for which of these specific macroscopic properties. For this reason,

variable-temperaturéH NMR line shape and relaxation studies

R R
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% are examined to reveal the impact of the steroid content on phase) and 100 s (gel phase). The sample temperature during
the dynamics and conformational features of the lipid molecules. the variable-temperature experiments was controlled with a
Additional information about the present systems is obtained Bruker BVT 1000 temperature control unit. To obtain the exact
by 3P NMR investigations. The derived molecular parameters sample temperature, an external temperature calibration was
for the present DPP£bilayers, obtained via a comprehensive performed prior to the NMR measurements by placing a
computer-assisted data analysis, are compared with thosethermocouple in the NMR sample coil. The temperature stability
reported for related lipid systems, such as DMPC (1,2- was found to be withint1l K.
dimyristoyl-sn-glycero-phosphocholine) or DPPC (1,2-dipalmi- Data Processing and SimulationsFORTRAN programs
toyl-sn-glycero-phosphocholine). have been developed that describe the behavior of isolated
. ) | = 1 spin systems during the corresponding pulsed NMR
Experimental Section experiment$:30-32 TheoreticaPH NMR line shapes, spinspin
Materials. Selectively deuterated and perdeuterated lipids and spin-lattice relaxation rates were obtained by a numerical
were obtained by the attachment of hexadecanoic acidif,6- diagonalization of the corresponding relaxation matrices. The
and hexadecanoic acity;, respectively. The selectively deu- 24 NMR line shape and spirspin relaxation simulations in
terated carboxylic acid was prepared in a three-step re@étiéh,  the gel phase are based on the model of the anisotropic rotational
starting from undecanoic acid. After reduction with LIAID  diffusion33 Here, a rotational diffusion proce4s®” was as-
(99% deuterated) and bromination, the undecanebromide-1,1-sumed that is described by a rotation about the long molecular
d> was used in a Grignard reaction with 5-bromovaleric acid to axis in the presence of a restricted fluctuation of the long
give the desired selectively deuterated hexadecanoic acid (degregnolecular axis in an ordering potent?é|with the main axis
of deuteration at position C-& 98%). Perdeuterated hexade- given by the liquid crystalline director axis. It should be noted
canoic acidds; was synthesized by repeated, Pt-catalyzed H/D that the rotational motion was further simplified by the
exchange in an autoclave at 200, as described in ref 24. The assump'[ion of a degenerate three-site Jump process. For the
isotopic enrichment was determined via mass spectrometry, molecular fluctuations next-neighbor jumps were assumed. The
which provided a value of 87% deuteration. In the final step, ordering potential is directly related to the orientational order

the deuterated hexadecanoic acid was coupled with the oligo-parametes, that gives rise to unequally populated fluctuation
glycerol headgroup to give DPRGFurther details about the  sjtes34-37 The ordering potential is given by

preparation of DPP&can be found elsewhefé:28

Sample Preparation® Multilamellar, cholesterol-free lipid _ . 71z .
dispersions were prepared by the addition of 15 mL of Voot = Aora COE{(' _O'S)E 1=1..N @
deuterium-depleted water to 10 mg of lipid to ensure complete
hydration of the diglycerol headgroup. Homogenization was Here,N refers to the number of possible orientations, which in
obtained by repeated freezthawing, centrifuging, vortexing,  the present work was fixed to 30. The potential defgh is
and incubation for abdw3 h attemperatures well above the connected to the orientational order param&ebys®
main transition of the membrane. The cholesterol-containing

dispersions were prepared by dissolving the appropriate amounts fﬂ1(3co§ © — 1) exp@, cod ©)sin® do

of lipid and cholesterol (40% molar ratio) in a small quantity _J02 rd @)
f freshly distilled chloroform. Th Ivent di 7 .

of freshly distilled chloroform. The solvent was removed in a ./(;T exp@, q co& ©)sin® do

dry nitrogen stream, followed by evaporation in a vacuum for

a few hours. The subsequent hydration and fre¢izawing steps . . . .
were carried out as described above. The given number of fluctuation sitééemerged from a series

NMR Measurements.2H NMR and3P NMR measurements  ©f model simulations using different order paramet&rsand
were carried out on a CXP 300 NMR spectrometer (Bruker, NUMbers of sites. The value hf= 30 ensures that théi NMR
Karlsruhe, Germany) at resonance frequencies of 46.01 and!in® shapes converge and thus do not depend on the number of
121.5 MHz, respectively, using a commercial double resonanceﬂucmat'zOn sites. _ _ _ o
probe. The spectrometer was controlled by a MacSpect unit 11€ “H NMR  spin-spin relaxation data in the liquid
(Tecmag, Houston, TX) and was equippedhdt 1 KW linear crystalline phase were analyzed with the assumption of a lateral

amplifier (LPI-10H, ENI, Rochester, NY). The,field strengths  'IPid motion within the bilayers across the curved surface. For
were adjusted to give/2 pulse lengths of 2 and @s for 2H the simulation of these data, an isotropic ro_ta_nonal diffusion
and31P, respectively. model was employed, as rep_orted for_other lipid systéts.

2H NMR spectra and spinspin relaxation timesTp) were The ?H spin—lattice relaxation da.ta in the ge! phase be_Iow
obtained employing the quadrupole echo sequeng@)é-re— 300 K were reproduced by 'emplpylng two' motional contribu-
(m/2),—Te—acq. The?H NMR line shapes were recorded at a tions. From the overall reorientational motions only the afore-

fixed delay between the/2 pulses of 2Qus. The recycle delay mentione_d overall rotation (degenerate thre_e-site jump p_rocess)
varied between 0.3 s in the liquid crystalline phase &rs in was considered, whereas molecular fluctuattethge to the high

the gel phase. Spilattice relaxation timesTy) were obtained ~ °Orientational order parametewere neglected. The second
by a modified inversiorrecovery sequences(—z—(/2)— contribution is a mutual two-site jump process between gauche
A—(7/2),~A—acq. Here, the initiafr pulse was replaced by a and gauche sites at position C-2 of then-2 chain that affects
composite pulse, as deécribed elsewRere. all other acyl chain segments in the same way and that are
All 3P NMR experiments were performed in the presence populated to 60 and 40%, respectively, as described previ-

of broadband proton decoupling (decoupling powe20 and ously 342
55 W in the liquid crystalline phase and gel phase, respectively).
31p spin-spin relaxation times were measured using the-spin
echo sequencen(2)—t.—(7)—71e—acqg, and the spinlattice In the following, we report the results of a comprehensive
relaxation times were determined via a saturation-recovery 2H NMR and3®!P NMR study on bilayers from 1,2-dipalmitoyl-
sequence. The recycle delay was betwée (liquid crystalline snglycero-phospho-diglycerol (DPR{ DSC measurements

Results
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Figure 2. Variable-temperaturéH NMR line shapes of DPP£%,6-

dz above and below the main phase transition. Left column, pure lipid/
water dispersion; right column, mixture with 40 mol % cholesterol. In
addition, the simulated spectra are superimposed (see text).
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Figure 3. Derived order parameté&:p for DPPG-6,6-d; bilayers in

the pure samplex) and in the mixture with 40 mol % cholesteral),
The phase transition temperature is marked by a dotted line at 314 K.

360

Unlike other phospholipid/water dispersions, no pronounced
inequivalence of then1 andsn2 chains is found, as just one
quadrupolar splitting can be resolved. Upon lowering the sample
temperature, an increase of the quadrupolar splitting in both
samples is registered. At the phase transition temperdigre
the?H NMR spectra of the pure lipid/water dispersions change
dramatically. Here, a narrow “high-temperature” component and
a second “low-temperature” component with a quadrupolar
splitting of 45 kHz is observed, which is caused by a
discontinuous slowing of the underlying motional processes. The
high-temperature component disappears completely at around
5 K below the main phase transition, i.e., here, only the broad
low-temperature component remains. PRENMR line shapes

are subject to significant changes between 289 and 251 K, until
at 239 K an almost statfH NMR spectrum with a quadrupolar
splitting of about 120 kHz is registered, which is typical for
lipid molecules being rigid on the NMR time scale. In the case
of the sample with 40 mol % cholesterol, no such discontinuity
is observed aroun@,. Rather, théH NMR line shapes become
steadily broader until about 276 K. Below this temperature the
sample with cholesterol undergoes the same spectral changes
as found for the pure DPRvater dispersion. Eventually, at

were carried out to understand the phase behavior of the presen221 K, a rigid powder pattern with a quadrupolar splitting of

DPPG samples. It was found that the main transition temper-
ature of pure DPP@water dispersions occurs &t = 314 K,
as also reported for the reference system DPRSDPPG).

120 kHz is again registered.
In the liquid crystalline phase (“fast motional limit”), the
overall order parametefp is directly derived from the

The incorporation of 40 mol % cholesterol leads to a broadening experimentaPH NMR spectra. In this temperature ran@ep
of the phase transition between 300 and 320 K (error of phaseis related to the experimental quadrupolar spliting, between

transition temperatures +0.5 °C).8

°H NMR Line Shapes and Order Parameters.In Figure
2, representativeH NMR spectra are given for multilamellar
dispersions of DPP&(left column) and DPPgcholesterol
(right column), deuterated at position C-6 of both fatty acid
chains. In addition, the experiment#i NMR line shapes of

the perpendicular singularities by

2
Avq = - %(e ﬂQ)SCD

wheree?qQ/h is the static quadrupolar coupling constant with

®3)

the gel phase are superimposed by the theoretical spectra froma typical value of 167 kHz for an aliphatic-€D bond. Figure
the computer simulations, using the motional models and 3 summarizes the temperature-dependent order parafgter
parameters as mentioned in the Experimental Section and theas the absolute value for both DPP$amples, as derived from

text below. As for other lipids, in the liquid crystalline state,

the experimentaH NMR line shapes. In generap is found

the 2H NMR spectra of the present systems are characterizedto increase with decreasing temperature. Hence, for the pure
by rather narrow, axially symmetric powder line shapes that system, values of 0.13 (352 K) and 0.16 (314 K) are observed.

reflect a high mobility of the lipid molecules. For the cholesterol-

The incorporation of 40 mol % cholesterol significantly

free bilayers, a quadrupolar splitting of 18 kHz is observed at increases the order parameSep, as reflected by values between
333 K, whereas the sample with cholesterol shows a splitting 0.21 (352 K) and 0.32 (314 K). Because of the existence of a
of 32 kHz at this temperature. This is due to the known ordering “liquid-ordered” phas® in the sample with cholesterd:p can

effect of the steroid on the hydrophobic part of the bilayer.

be determined even at temperatures belgwof the pure bi-
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Figure 4. Orientational order parametg& in DPPG-6,6-d, as derived 0.04 [ * 4
from 2H NMR T, and line shape simulatiom(a), and a combineéH : ]
NMR and FTIR data analysis¥(*). Open and filled symbols refer to 0.2 @ o ° 3
the pure bilayer system and the mixture with 40 mol % cholesterol, ; . L L o
respectively. The main phase transition temperature of the pure lipid o.g r f f f f } } }
bilayer is marked by a dotted line. [ X
. . L X ]
layer sample. The lowest accessible temperature with a “fast 025 : X x
exchange™H NMR line shape is 300 K, at whic:p is given r x X
as 0.43. 02f X M . + X ]
A second quantity that characterizes the liquid crystalline we i * +
order is the orientational order parame$gr Figure 4 exhibits 0.15 ‘ v v * : .
the derived values for the present DRP&mples including ; ; ‘ A X X ]
the data both below and above the main phase transition. The o1 b T ] - ) G
data below the main transition were obtained3aNMR line [ * * ,
shape analysis, based on the model assumptions outlined in the 0.05 3 E
Experimental Section and in the next section. The data above e o ° ° ]
the main phase transition were deduced from the combined . | . . .. .. . ®
analysis of the FT IR anéH NMR data for the same sample, Us 320 325 330 335 340 345 350 355
deuterated at carbon position C-6, using egs 4 did 5 T K]
Sp= sasy (4) Figure 6. Order paramete®:p for DPPG derived from the samples

with perdeuterated acyl chainsx ) plateau region C2C9, (+) C10,

1 ) (x) C11, (v) C12, (a) C13, @) C14, (#) C15, @) C16. Top graph,
S=-5p Wwithp=1-p, (5) pure lipid/water bilayer; lower graph, mixture with 40 mol %
2 cholesterol.

Here,py and py are the trans and gauche populations, respec- for the methylene segments along the fatty acid chains could
tively. The gauche populatiors, were directly derived from be derived. Figure 5 shows representafideNMR line shapes

the analysis of the CProcking modes, as described previously for the pure and the cholesterol-rich samplesTat 323 K.

by Mendelsohn et aft For the present DPPGamples, these  Figure 6 summarizes the deriv&dp values for the various
data are reported in a former comprehensive variable-temper-assigned positions and the plateau region, covering carbon
ature FT IR study. positions C-2 to C-9. In agreement with previous rep&rts,

In the gel phase$, values of about 0.9 (242 K) for the pure  Sp decreases with temperature and along the fatty acid chain
lipid/water dispersions and slightly lower values of about 0.89 from the plateau region toward the chain end (carbon position
(242 K) for the mixture with cholesterol are obtained. At the C-16). For the plateau region of the pure DRB@ayers, values
phase transition, the order parameter of the pure lipid membranebetween 0.13 (352 K) and 0.15 (317 K) are obtained. These
drops considerably to a value of 0.5 at 314 K. A further values are consistent with the aforementioned values for the
temperature increase results in a continuous reductio®,,of  C-6 position in the selectively deuterated sample. For the chain
with a value of 0.4 at the upper temperature limit at 352 K. For end (position C-16), significantly lower values were derived
the mixture with cholesterol, the drop at the main phase (0.03 at 352 K, 0.06 at 317 K). The values for the mixture with
transition is less pronounced. Here, ab@ygorientational order cholesterol are found to be about 80% higher, which can be
parameters, between 0.45 and 0.67 are observed, reflecting a attributed to the ordering effect of the steroid.
similar continuous reduction with increasing sample temperature.  With the orientational order paramet&rfrom above (Figure

In addition, DPPG samples with perdeuterated acyl chains 4) and the position-depende®ip order parameters (Figure 6),
were examined, from which (see eq 3) the order paran®ter it is possible to calculate the position-dependent segmental order
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04 T T T T T TABLE 1: Effective Acyl Chain Lengths Derived for DPPG,
r Bilayers
035 | . method I method II: method IlI:
[ X i X X X % ] T(K) Chan/Oldfield Seelid Petrache
03 + 3 Pure Lipid/Water Bilayers
* + 352 11.1 11.2 9.5
o2s b * * * * ] 346 11.4 11.3 10.0
[ ] 340 11.5 11.3 10.1
2 ; v ¥ 333 11.7 11.4 10.4
2F ¥ 1 7 327 11.8 115 10.6
r A X X 1 321 12.0 11.6 10.9
015 [ . u [} - - X - Mixture with 40 mol % Cholesterol
d . ] 352 13.0 12.3 11.9
ub ¥ % . . ] 346 132 12.4 12.2
“t * * % MR 340 133 126 125
* 333 13.5 12.7 12.7
0,05 327 13.8 12.9 13.2
0s b y ] 321 14.0 12.8 13.6
; X — aPetersen, N. O.; Chan, SBiochemistryl977, 16, 2657. Oldfield,
045 X X X N E.; Meadows, M.; Rice, D.; Jacobs, Biochemstry1978 17, 2727.

C ] b Seelig, A.; Seelig, JBiochemistry1974 13, 4839. Schindler, H.;
0.4 E + ] Seelig, J.Biochemistryl975 14, 2283. Seelig, J.; Seelig, Auart.

C * * * + ] Rev. Biophs.198Q 13, 337.¢ Petrache, H. I.; Tu, K.; Nagle, J. F.
0.35 ¢ * + + Biophys. J.1999 76, 2479. Petrache, H. I.; Dodd, S. W.; Brown, M.
5" : * ] F. Biophys. J.200Q 79, 3172.
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Figure 7. Segmental order paramet®ras derived from the combined
?H NMR and FTIR analysis for the various positions along the acyl w0 |k ]
chains: ) plateau region C2C9, (+) C10, &) C11, (v) C12, @)

C13, @) C14, (#) C15, (x) C16. Top graph, pure lipid/water bilayer;
lower graph, mixture with 40 mol % cholesterol.

EL =% o H D> «

Chain Length [A]

parameterS, for the whole acyl chain using eq 4. Figure 7 15 ' ' ' ! ' ' '
summarizes the derived, values for both the pure DPRG

water dispersion and the mixture with cholesterol in the liquid
crystalline phase. For the pure lipid/water dispersion, values _ |,
between 0.33 (326 K) for the plateau region, i.e., carbon °=%

positions C-2 to C-9, and 0.09 (326 K) at C-16 are observed L E
that again decrease with increasing sample temperature. The ]
addition of 40 mol % cholesterol increases the segmental order = 13 | 3
parametersS, considerably, as reflected by the value of 0.45 ]
for the plateau region at 326 K. - 3

As the order paramete8, can be related via eq 5 to the ]
probability that the segment is in a gauche conformational state, nF ]

it is possible to calculate an effective chain length as a projection
on the liquid crystal director axis, following the model assump-
tions described in the Appendix. In fact, we have calculated , , , , , ,
the effective acyl chain length in DPR@sing three different 315 320 325 330 335 340 345 350 355
approaches: (i) the model of Petersen and Chéor the

determination of5, along with the method of Oldfiefd for the TIKl

calculation of the effective chain length, (ii) the diamond-lattice FiQUfede% Calculated e;recti(ve acyl ';h(?]indblnlg(tgi Vergiljf_telfg)pg ature
; 14,45 et using different approaches (see tex#). fiode an, ield),
mZgﬁl—ti)l;lgggsrf:dg?lo?esggaith]i}léﬁ a16nd (i) the first-order model Il (Seelig), ®) model Il (Petrache, Brown). Top graph, pure

. A lipid/water bilayer; lower graph, mixture with 40 mol % cholesterol.
Table 1 and Figure 8 summarize the results for the pure
DPPG/water dispersion and the mixture with cholesterol. The
Petersen/Chan approach provides chain lengths between 12.¢ength by about 10%. Similar values are found on the basis of
Aat321 Kand 11.1 A at 352 K for the pure lipid bilayer. The the model proposed by Seelig et'al*45Here, at 321 K, an
incorporation of 40 mol % cholesterol increases the projection effective chain length of 11.4 A for the pure bilayer is obtained.

Chain Length

—
—
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A Figure 10. Arrhenius plots of the correlation times for the derived
motions in DPP&6,6-d;: lateral diffusion ¢,4), chain fluctutation
‘ A A 1 (%,%) chain rotation ©,®), gauché—gauche isomerization at chain
L a A segment C-24,4). Open and filled symbols refer to the data for the
2,0

|
i AR % A respectively. The main phase transition temperature of the pure lipid
0k ! - bilayers is marked by a dotted line.
I , ]

Ty [us]

pure lipid/water dispersion and the mixture with 40 mol % cholesterol,

1 L L " " " L n 1 L " L i 1 L " L L 1
2.6 3.1 3.6 4.1 4.6 mixture with cholesterol, respectively. As tRel NMR line
1000/ T [KT] shapes anil; relaxation times are sensitive to the same motional
Figure 9. ExperimentaPH T; (top graph) andr, (lower graph) data  '€gion, a consistent theoretical reproduction of these experi-
of DPPG-6,6-d,: pure lipid/water dispersion), mixture with 40 mol mental data thus requires the use of the same simulation
% cholesterol 4). The main phase transition of the pure lipid bilayer parameters. In fact, for the present bilayer systems, such a
(314 K) and the freezing temperature of water are marked with dotted consistent data analysis was feasible. Thus2th&IMR line
lines. The corresponding theoretical results are also given by gray shapes and spirspin relaxation data in the gel phase were
circles. simulated using the model of anisotropic rotational diffusighs”
in close agreement with former studies on DMPC bilayéfs’®
The chain length decreases upon heating to 352 K to reach alLikewise, for the liquid crystalline phase a reproduction of the
limiting value of 10.7 A. Again, the incorporation of 40 mol %  2H spin—spin relaxation data was achieved with the assumption
cholesterol increases the chain length by about 12%. It is obviousthat lateral diffusion of the lipid molecule along the curved
that the first-order mean-torque model provides the lowest valuessurface of the vesiclé¥“! provides the dominant relaxation
over the whole temperature range. This holds in particular for contribution. The theoreticdH NMR spectra based on these
higher sample temperatures with a low order param&gr assumptions are also given in Figure 2, and in Figure 9, the
where the projection lengths lie between 10.9 A (321 K) and theoretical T, data are compared with their experimental
9.5 A (352 K). In this case, addition of 40 mol % cholesterol counterparts. The derived correlation times are summarized in
increases the effective chain length by 20% as compared to thethe Arrhenius representation in Figure 10.
pure DPPG/water bilayer. As shown by the data in Figure 9, in the liquid crystalline
Line Shape Analysis and Lipid Dynamics.2H spin—spin phase, both DPP{hilayer systems exhibit a decrease of the
and spin-lattice relaxation times were measured for the pure 2H T; relaxation data with decreasing sample temperature. Here,
lipid/water dispersion and the mixture with cholesterol, contain- the values for the pure lipid/water dispersion decrease from 45
ing DPPG with selectively deuterated acyl chains (carbon ms at 352 K to a value of 27 ms at 320 K, and at the transition
position C-6). The?H spin—spin relaxation times, given in  to the gel phase, a discontinuity of tfie data can be found.
Figure 9, exhibit a slight decrease upon heating within the liquid Within the gel phase, théH T, data for the pure lipid/water
crystalline phase. For the pure lipid/water dispersion the valuesdispersion exhibit a pronounced minimum at 270 K witfa
range from 52Qs (352 K) to 72Qus (320 K). The cholesterol-  value of 14 ms. The incorporation of 40 mol % cholesterol
rich model membrane shows the same temperature dependencmainly affects théH T, data at higher temperatures, i.e., in the
but somewhat lower values, i.e., 408 at 352 K and 45@s at liquid crystalline phase and at the transition to the gel phase,
333 K. Upon entering the gel phase at around 314 K, the valueswhereas at lower temperatures, tfie data remain almost
of both systems drop to a local minimum with values of 270 unaltered. Thus, thd; minimum with a value of 15 ms
us (308 K) for the pure system and 3@5 (314 K) for the practically coincides with the aforementioned minimum found
mixture with cholesterol. Further cooling of the samples causes for the pure lipid/water dispersion. Figure 9 also contains the
a slight increase of th&, data in both systems. At 295 K, the theoreticalT; relaxation times for both systems, which were
spin—spin relaxation times of both systems again decrease with obtained with the known rate constants for overall chain rotation
decreasing temperature, reachingzaninimum at 251 K with (from 2H NMR line shape,T, simulations) and with the
values of 130 and 11@s for the pure lipid bilayer and the  assumption of a two-site jump process between gaucimel
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TABLE 2: Activation Energies for Lipid Motions in DPPG , Pure 40 mol% Cholesterol
Bilayers
T[K] I
T =< 300K T=> 314K f
overall overall gauché—gauche lateral ,/ }‘
rotation fluctuation isomerization at diffusion 345K e

(kd/mol)  (kJ/mol) position C-2 (kJ/mol) (kJ/mol)

pure lipid/water46.1+ 1.5 82.9+ 2.7 67.5+ 8.0 16.6+ 0.7
dispersion

mixture with ~ 28.8+ 1.1 80.5+ 3.8 60.0+ 4.7 18.6+ 1.6 K | e _—
40 mol % 15 0 -15 15 0 -15
cholesterol

gauche conformers at the C-2C-3 bond. The latter motional 245K

contribution is known to be a major source ft spin—lattice 30 0 -30 30 0 -30

relaxation in such lipid systeni§:2 kHz kHz

In Figure 10, the derived correlation times for the various Figure 11. Variable-temperaturéP NMR line shapes of DPRGbove
motional contributions are plotted in an Arrhenius representation, &1d below the main phase transition. Left column, pure lipid/water
and the corresponding activation energies are listed in Table 2.9SPersion; right column, mixture with 40 mol % cholesterol.

In the gel phase, the two-site exchange process between gauche P R B A Bana s B R T
and gauche states exhibits rate constants between 10 0 E
and 5x 108 s ! with activation energies of 67.5 kJ/mol for the A ADA

pure lipid bilayers and 60.0 kJ/mol for the mixture with a8
cholesterol. Likewise, for the overall lipid rotation in both N AAAAAA
DPPG samples, similar rate constants between abofitahd A A

10 s ! are observed along with activation energies of 46.1 kJ/ g , A‘M a

mol (pure lipid bilayer) and 28.8 kJ/mol (mixture with choles- = 10 | A A -
terol). For the chain fluctuation, almost identical rate constants ]
for the two systems are derived. Here, the activation energies A
are 82.9 kJ/mol for the pure lipid/water dispersion and 80.5 kJ/
mol for the mixture with cholesterol. As mentioned earlier, in
the liquid crystalline phase, the spispin relaxation could be A&

reproduced using the model of the lateral diffusion of the lipid 100 b A Lo L
molecules along the curved surface of the lipid bilayer. Here, 2.6 3.1 3.6 4.1 4.6
rate constants between>3 1(? s71 (321 K) and 9x 1(?* st 1000/T [K-1]

(352 K) are obtained for the sample with cholesterol that in rigyre 12. 31p T, data of DPPGin the pure lipid/water dispersion
general exhibits some smaller values. The activation energies(a) and in the mixture with 40 mol % cholesteral); The main phase
are determined to be 16.6 and 18.6 kJ/mol for the pure DPPG transition of the pure lipid bilayers (314 K) and the freezing temperature
water dispersion and for the mixture with cholesterol, respec- of water are marked with dotted lines.

tively.

Apart from the?H NMR studies described abov&P NMR
line shape and spinecho experiments were carried out (see  Phospholipid Dynamics.Previous investigations on bilayer
Figures 11 and 12). In Figure 11, representatf®eNMR line membranes have demonstrated that several local and overall
shapes are given. Unfortunately, it turned out that the orientation motions are necessary to provide a satisfactory description of
of the chemical shift tensor relative to the molecular long axis the corresponding NMR line shape and relaxation data in such
is different from that reported in the literatutewhich—because ~ systems: 53548 Hence, the following types of motion are
of the lack of samples with oriented bilayemnade a quantita-  frequently discussed in phospholipid membranes: (i) trans
tive analysis of thélP NMR line shapes and relaxation data gauche isomerization of the methylene segments in the acyl
impossible. Above the main phase transition, both systems chains, (ii) conformational motions of the glycerol backbone,
exhibit axially symmetric line shapes with a chemical shift (iii) rotations around bonds linking the phosphate headgroup
anisotropy of about 3.9 kHz for the pure system and about 4.5 with the glycerol backbone, (iv) overall reorientations (rotation
kHz for the mixture with cholesterol. In the liquid crystalline and fluctuations) of the lipid molecules, (v) collective order
phase, theé’lP spin-spin relaxation data (Figure 12) show a fluctuations, and (vi) lateral diffusion of the lipid molecules
constant increase with decreasing temperature, with values ofwithin the layers. Of course, the whole variety of motional
about 300Qus for the pure lipid/water dispersion and 1008 contributions is accessible only by a comprehensive analysis
for the mixture with cholesterol. For the pure lipid bilayer below of the experimental data acquired by different NMR probe nuclei
the main phase transition, a sudden increase of the chemicakthat examine different regions of the lipid molecules. In the
shift anisotropy is visible along with a drop of ti¢P spin- present case, the information on the DBRIgnamics is mainly
spin relaxation times, in quite the same way as found earlier based on the analysis of variable-temperaft#é&lMR experi-
for the 2H spin—spin relaxation data. In marked contrast, the ments, obtained for samples with DPPRearing selectively
mixture with cholesterol exhibits a more continuous change of deuterated acyl chain$!P NMR line shape and spirspin
the 3P NMR line shapes an#P spin-spin relaxation data in relaxation studies have been carried out as well, which, however,
the vicinity of the main phase transition. At around 273 K, the are discussed only on a qualitative level.
31p spin-spin relaxation times in both systems experience a (a) Liquid Crystalline PhaseBoth the pure DPP@water
sudden drop resulting in a common minimum at around 252 K dispersion and the mixture with 40 mol % cholesterol exhibit a
with a value of 20Qus. decrease of the respectifed and 3P T, relaxation data with

Discussion
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increasing sample temperature. At the same time, motionally constants in these systems as compared to the corresponding
narrowed, axially symmetrigH NMR line shapes are observed, DMPC systems.
which clearly implies that some lipid motions occur in the fast At this point, it is worthwhile to comment on the results from
exchange limit. As shown during earlier studies on DMPC the 3P T, relaxation experiments. The slope on both sides of
bilayers, the fast motional contributions can be ascribed to the low-temperature minimum of th&P T, relaxation curve
overall chain reorientations as well as traigguche isomeri- indicates a surprisingly high activation energy of about 150 kJ/
zation834736 Furthermore, the lowering of th& values with mol. This observation can be understood by the fact that, at
increasing sample temperature can be traced back to laterabbout 273 K, the surrounding water freezes out and hence affects
diffusion of the lipid molecules across the curved surface of the dynamics of the headgroup region, which is dominated by
the bilayers®4! The rate constants for this latter process, the rotational motion around the molecular long #%ithe large
obtained from the analysis of ti# line shape and’, data difference between the activation energy for the rotational
(see Figure 10), are found to be on the same order as themotion of the acyl chains (46.1 kJ/mdiH NMR data, see
published data for other lipid bilayef4$%52 However, the above) and for the headgroup regiGH(T, data) implies that
activation energies of about 17 kJ/mol (pure bilayers) and 19 the hydrophobic part, i.e., the acyl chain region, is at least
kJ/mol (mixture with cholesterol) are approximately 10 kJ/mol partially decoupled from the phosphate headgroup, with the latter
lower than typical values for such bilayer systems. At best, these being directly influenced by the actual state of the surrounding
findings can be related to the low conformational order of the Water molecules.
DPPG bilayers (see below), along with a reduced packing  The common low-temperatufel T; minimum of the present
density of the acyl chains. This implies that the lateral mobility DPPG samples cannot be attributed to the aforementioned
of the lipid molecules is thermally less hindered, in full reorientational chain motions. Rather, it indicates a unique
agreement with the experimental observations. feature of the C-2 segment in tee-2-chain that-as discussed

(b) Gel Phaseln the gel phase, the experimentadl NMR during previous studie;;is given by jumps betwegn gauc*hg
data (line shape, spirspin relaxation times) for both the pure and gauche conformational states at carbon p03|t_|on C-2,i.e.,
DPPG/water dispersion and the corresponding mixture with "otation around the C-2C-3 bond of the acyl chaiff:*2 The
cholesterol are found to be very similar. From earlier FT IR rate constants and activation energies for this internal motional

studies, it is known that, below the main phase transition, the contribution in DPPQbiIayers areinline yvith earlier repoﬁé.
trans population at the deuterated position C-6 is higher than Above 295 K, the situation, however, is further complicated

95%8 As a consequence, trangauche isomerization does not by the fact that transgauche isomerization at carbon position

play an important role for the experimental NMR line shape C-6 as well as overall chain reorientation enter the time scale
effects andT, relaxation of the DPP@samples below the main for Ty relaxation. An unequivocal analysis of the T; relaxation
transition. Using the model of anisotropic rotational diffusion data was the_refore not possible in this terr?perature. range. .

in an ordering potentia®34+-3” we were able to reproduce both In con_clusmn, it can be stated_ that, _unhke the situation in
the experimentaH NMR line shapes and tHE relaxation data. ~ DMPC bilayers, in DPPgwater dispersions, the presence of
In general, the derived rate constants for the rotation of the lipid ;hoLeste_roI is of anOI’ ;:np(;)_rtiance flo;]thedactual ::p|d mgb'“'.[y'
molecules around their long molecular axes are found to be of . ? er, It seetmhs tl_a_tjt de Iglycero (.:‘ta group ai a cimlnant
the same order as those discussed for DMPC bil&fef8. influence on the lipid dynamics, as it gives rise to a lower

. ) . acking density in the acyl chain region. The hydrated, bulk

Pure DPPGwater b|Iayers qnd the mixture with cholesterol, Eeadgrgoup als% is respgnsible forgthe obser\Yed decouplir%lg
however, show almost identical rate constants, whereas forp.veen the headgroup and acyl chain dynamics.

DMPC, the lipid overall rotation is slowed by about 1 order of
magnitude upon addition of 40 mol % cholesteé¥& Moreover,
the activation energy of 46.1 kJ/mol for overall rotation in pure
DPPG bilayers is lower than in pure DMPC bilayers, where
values between 60 and 90 kJ/mol are discu§$&d®4’ These

results can be related to the bulkier diglycerol headgroup and

to its anionic character that increases the lgigid distance headgroup, whose overall size increases considerably upon

and thus facilitates long axis rotation. Addition of 40 mol % hydration. As a result, the packing density in the acyl chain
cholesterol increases the membrane fluidity, as expressed by Gegion is reduced a:s reflected by the lower chain order
smaller activation energy for chain rotation (28.8 kJ/mol). This parameteSep. ’

is in agreement with the findings for DMPC/cholesterol mixtures In quite the same way, the orientational order param@ter

for which the same activation energy was repofted. of pure DPPG/water bilayers is found to be significantly lower
The rate constants for molecular fluctuations of the phos- than the values obtained for DMP&547 or DPPC bilayers,
pholipids are found to be nearly the same for both DPPG \yhereS, values between 0.6 and 0.75 are reported in the liquid
samples and are almost 2 orders of magnitude smaller than thosgrystalline phase. In the gel phase, the differences between the
in DMPC bilayers>**47The high activation energies of 82.9  various lipid systems are less pronounced. Nevertheless, the
and 80.5 kJ/mol for the pure bilayers and DRRBolesterol  |imiting value of 0.9 in DPPGis lower than for DMPC with a
mixture, respectively, are very close to those of the correspond-|imiting value for S, of 1.06 The incorporation of 40 mol %
ing DMPC bilayers (pure DMPC bilayers, 90 kJ/mol; DMPC/  cholesterol has a significant influence on the orientational order.
cholesterol mixtures, 80 kJ/mdif> These observations are At low temperaturesbecause of the distortion of the lipid chain
attributed to the hydrophilicity of the diglycerol headgroup, packing-the addition of cholesterol leads to a slight decrease
which, because of hydration, becomes rather bulky and thusof the order paramete®,, which prevents the membrane from
reduces the influence of cholesterol on the chain fluctuations. forming the gel phase. At the main phase transition temperature
In addition, the lipid fluctuation in DPPGs strongly hindered, of the pure lipid bilayers, only a slight discontinuity is observed.
which can be deduced from the considerably smaller rate Thus, atT > 314 K, the orientational order paramet®r is

Chain Order. The derived order paramet§sp of the present
DPPG bilayers is significantly lower than the values derived
for related systems. For instance, in pure DPPC bilayers, values
between 0.2 (323 K) and 0.16 (353 K) are repoffedhis
reduction of the chain order in DPRG attributed to the anionic
character and to the high hydrophilicity of the diglycerol
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found to be higher than that for the pure lipid/water dispersion. A thorough analysis of theH NMR data provided the kinetic
The values, however, are significantly lower than reported for parameters of the overall lipid reorientation (modeled by
DMPC8:3547gr DPPC bilayers,which exhibit values of about  anisotropic rotational diffusion), and gauchegauche isomer-
0.75-0.9. Again, this low orientational order in DPRG ization at carbon C-2 in the gel phase as well as of the lateral
cholesterol can be traced back to the larger hydration of the diffusion in the liquid crystalline phase. It could be demonstrated
diglycerol headgroup, which prevents a close molecular packing that the bulky diglycerol headgroup plays a dominant role for
and gives rise to a greater conformational and motional freedomthe actual motional characteristics of the lipid molecules in the
of the lipid molecules. The rigid cholesterol increases the present bilayers. Obviously, the lower packing density in DPPG
conformational order and minimizes the lipid fluctuation bilayers results in a less hindered overall mobility (viz.,
amplitude, as reflected by the enhanced conformational androtational and lateral motions) of the lipid molecules as
orientational order parameters. Nevertheless, because of theeompared with typical phospholipids, such as DMPC or DPPC.

larger headgroup of DPRGthe addition of cholesterol is not Starting from the order paramet&p, determined vigH
sufficient to achieve a similar high packing density as in DMPC NMR experiments on samples with selectively deuterated acyl
or DPPC bilayers upon addition of cholesterol. chains, we were able to determine the orientational order

The derived segmental order paramedefor the complete parametelS, as well as the segmental order param&erS,
acyl chain (see Figure 7) shows a pronounced temperaturecould be determined via computer simulations of tHeNMR
dependence and a characteristic gradient along the chain, startinglata in the gel phase and via combined FT2HRWMR data in
from a more ordered plateau region in the vicinity of the glycerol the liquid crystalline region. With thes®, values and thé&:p
backbone toward the less ordered chain end (position C-16).data from measurements on samples containing perdeuterated
Again, the ordering effect of cholesterol is expressed by an acyl chains, it was possible to calculate the segmental order
increasing segmental order parame$er However, it should parameterS, for every position along the acyl chains. In
be noted that the order parame&icannot be used to calculate  addition, on the basis of these known order parameters, the
directly the exact gauche probability at a particular,GBgment effective acyl chain length as a projection onto the director could
as implied by egs 4 and 5, which are based on the assumptionbe determined as a function of both temperature and cholesterol
that only kink conformers exist. That is, tAe NMR data do content.
not account for double-gauche or single-gauche conformers, On the basis of these data, it is concluded that the orientational
which cause an inclination of the chain relative to the long as well as segmental order in these DRPSHayers are
molecular axis. This inclination changes the-B bond angles  significantly lower as compared to those in DPPC or DMPC,
for all subsequent Cpsegments and results in a seemingly which can be traced back to the higher hydration of the
higher gauche population. This effect is more pronounced negatively charged headgroup. As a further consequence, the
toward the acyl chain end, where the probability of single- and reduced conformational order directly yields a significant
double-gauche conformers is higher. shortening of the effective acyl chain length.

The generally lower conformational order in DPHgHayers The question arises as to whether the observed differences
is also reflected by the results for the effective chain lengths. in lipid mobility and lipid order of the present DPRG
Here, for pure DPPgwater bilayers, values of about 11.5 A membranes are in fact related to the unusual stability, i.e., longer
are observed, which are considerably lower than those of DPPC/blood circulation times, of the corresponding liposomes, which,

water bilayers, where values of about 13.5 A are repdéél. in addition to DPPC and cholesterol, contain DBR&a major
The comparison of the various theoretical approaches revealsstructural component. Preliminary results from recent NMR
that the methods of Seelig et’dl4“5and Chan and Oldfield*4 studies on “real” mixtures, however, have indicated a very

are very similar, where the latter onevhich also accounts for  similar behavior for the DPPGcomponent as found in the
overall lipid fluctuations-provides somewhat shorter chain present work. The present NMR studies on DRB@® DPPG
lengths. The first-order mean-torque mdéé$ provides the cholesterol bilayers thus are a prerequisite for the forthcoming
lowest values over the whole temperature range. The largestanalysis of the aforementioned more complex bilayer mixtures.
deviation between the data from the mean-torque model andThe corresponding spectroscopic studies on these mixtures are
the other approaches are registered at higher sample temperan progress.
tures, which is a consequence of the low order param&ers

The incorporation of 40 mol % cholesterol leads to an increase  Acknowledgment. Financial support for this project by the
of the effective chain length by about 15%, which is a direct Deutsche Forschungsgemeinschaft and the Fonds der Chemis-
consequence of the higher conformational order in the liquid chen Industrie (FCI) is gratefully acknowledged. The authors
ordered phase. It is quite obvious that, for DBRBolesterol thank Mrs. D. Zauser and Mrs. G. Bnaing for their help during
mixtures, the deviations between the data from the first-order the synthesis of the deuterated compounds.
mean-torque mod&“6and those from the other two approaches
are much smaller, whichas shown by model calculatiori$s Appendix: Calculation of the Effective Acyl Chain
directly related to the generally high&p values. Obviously, Lengths
at higher chain orders, similar effective chain lengths are derived
that are almost independent of the actual underlying theoretical
approach.

On the basis of the derived order parameters, the effective
chain length (in angstroms) was derived using three different
theoretical approaches: (i) the model of Petersen and ‘€han
and Oldfield?* (ii) the diamond-lattice model of Seelig et
al. 131445an( (iii) the first-order mean-torque model of Petrache

In the present work, lipid bilayers containing a new synthetic et al>46
phospholipid, DPPg& were investigated for the first time by In the first approach?#4it is assumed tha§, reflects the
variable-temperaturgH and3P NMR spectroscopy to determine  probability that a bond is in a gauche isomeric state, using eqs
the ordering characteristics and dynamic properties of the lipid 4 and 5. Moreover, a rigid body fluctuation with an order
molecules as a function of temperature and sample composition.paramete,, describing the most probable fluctuation amplitude

Conclusions
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o, is considered. Here, for the order param&ethe following
distribution function hold¥

. /5 (3coda — 1) ex;{— %((%)Z]sin a da
_1 0
Je

[{ 1((1)2] .

Xp — Z[=] |sina da
2\

We then follow the procedure from Oldfield et“4lto calculate

the projection of a single €C segmentliCland of the whole
acyl the chain € effective chain length)lLCJonto the director

SOL—2

)

0= 1.25[p, + p, cos(60)]cos [al]
(8)

pc and py are the gauche and trans probabilities of it

Lehnert et al.

The quantity 2Jis connected to the order parame®&ip.
Further details are described in refs 15 and 46.
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