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ABSTRACT A sample preparation method using spherical glass ampoules has been used to achieve 1.5-Hz resolution in "H
magic-angle spinning (MAS) nuclear magnetic resonance (NMR) spectra of aqueous multilamellar dispersions of 1,2-dioleoyl-
sn-glycero-3-phosphocholine (DOPC) and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), serving to differentiate
between slowly exchanging interlamellar and bulk water and to reveal new molecular-level information about hydration
phenomena in these model biological membranes. The average numbers of interlamellar water molecules in multilamellar
vesicles (MLVs) of DOPC and POPC were found to be 37.5 = 1 and 37.2 = 1, respectively, at a spinning speed of 3 kHz. Even
at speeds as high as 9 kHz, the number of interlamellar waters remained as high as 31, arguing against dehydration effects
for DOPC and POPC. Both homonuclear and heteronuclear nuclear Overhauser enhancement spectroscopy (NOESY and
HOESY) were used to establish the location of water near the headgroup of a PC bilayer. "H NMR comparisons of DOPC with
a lipid that can hydrogen bond (monomethyldioleoylphosphatidylethanolamine, MeDOPE) showed the following trends: 1) the
interlamellar water resonance was shifted to lower frequency for DOPC but to higher frequency for MeDOPE, 2) the chemical
shift variation with temperature for interlamellar water was less than that of bulk water for MeDOPE MLVs, 3) water exchange
between the two lipids was rapid on the NMR time scale if they were mixed in the same bilayer, 4) water exchange was slow
if they were present in separate MLVs, and 5) exchange between bulk and interlamellar water was found by two-dimensional
exchange experiments to be slow, and the exchange rate should be less than 157 Hz. These results illustrate the utility of
ultra-high-resolution "H MAS NMR for determining the nature and extent of lipid hydration as well as the arrangement of nuclei
at the membrane/water interface.

INTRODUCTION

Water is essential to the structure and dynamics of biologehanges can occur in both the structural and dynamic prop-
ical and model membranes (Crowe and Crowe, 1984). Reerties of lipids as a result of interactions with water. Hy-
cent years have witnessed an increasing research effort tiration of phospholipid bilayers has also been investigated
delineate properties of the membrane surface that determing/ several other biophysical techniques: adsorption iso-
the extent and nature of lipid hydration (Gawrisch et al.,therms (Jendrasiak et al., 1996), differential thermal analy-
1992; Israelachvili and Wennerstrom, 1992; Mcintosh andsis (Lundberg et al., 1978), infrared (IR) (Fookson and
Simon, 1993; Volke et al., 1995; Chen et al., 1996). Thewallach, 1978), and differential scanning calorimetry
phase equilibria and the construction of phase diagrams Q’DSC) (Ulrich et al., 1994; Bach and Miller, 1998).
water/amphiphile systems were also studied’Hynuclear The challenges of performing high-resolution proton
magnetic resonance (NMR) (Ulmius et al., 1977; Gutman MR experiments on model biological membranes are well
al., 1984; Sjolund et al., 1987; Lindblom and Oradd, 1994} nown, as aqueous lipid dispersions form extended bilayers
Lindblom, 1996). The phase diagrams can be used to obtaigy \yhich residual (inhomogeneous) dipolar interactions
the amount of Watgr _mtgractmg with Ilpld._ L_Jndoubtedly' between different proton pairs result in spectral patterns
surfaces, including lipid bilayer surfaces, will influence the ¢\ aral kHz in breadth (Bloom et al., 1977). In the liquid-

Egésoicaclzpropertitles of nearby Wite(; mplecu][et.?l(WoefssneErysta”ine phase of phosphatidylcholines, the magic-angle
). Conversely, progressive hydration of bilayer- Orm'spinning (MAS) technique can yield much improvéd

ing phospholipids has been found by NMR to allow greaterNMR spectra that resolve the isotropic chemical shifts of all

motional freedom of the polar lipid headgroups (Bechinger rotons in the polar headgroup as well as the glycerol

and Seelig, 1991; Ulrich and Watts, 1994) as well as th i
hydrophobic fatty-acid chains (Volke et al., 1982). Thusfgackbone.(F(.)rbes etal, 1988’ Halladay et al., 19.9.0)' Al-
though spinning speeds of just a few kHz are sufficient to

remove spinning sidebands from these NMR spectra, sam-
ple preparation strategies that use cylindrical Kel-F inserts
Received for publication 30 June 1998 and in final form 28 Septembe(Holte and Gawrisch, 1997) or spherical glass ampoules
1998. (Zhou et al., 1997) are required to achieve routine spinning
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Following our initial MAS*H NMR study of hydrationin ~ (90° - t; - 45° - ACQ) and pulsed field gradients for
monomethyldioleoyl-phosphatidylcholine (MeDOPE) dis- coherence selection (Hurd, 1990; von Kienlin et al., 1991).
persions (Chen et al., 1996), the current work exploits theA single transient with a 2.841-kHz spectral width,)F
enhanced experimental capabilities described above to agefined by 2K data points was acquired for each of 256 free
dress several questions about lipid hydration. First, we havmduction decays (FIDs)F,) in the two-dimensional (2D)
assessed whether the centrifugal force created during faghta matrix. ThéH 90° pulse width was 6.fs, and a 1.0-s
magic-angle spinning measurements causes inadvertent @jaxation delay was inserted between successive acquisi-
terations in the absolute and relative numbers of interlameljons. Zero-filling in the F dimension produced a 1K 1K
lar and bulk water molecules. These numbers have beeflaia matrix with a digital resolution of 2.774 Hz/point in
compared with previous studies of interlamellar water and, i, gimensions. The transformed data were then symme-
water saturation numbers derived from differential scanning;, 4 High-resolution*C NMR spectra were recorded at
calorimetry (DSC) (Kodama et al., 1997), x-ray diffraction 155 758 Mz, using a 28.985-kHz spectral width defined

(Rand and Parsegian, 1989), afid NMR (Ulrich and : 3~ ono :
Watts, 1994). Second, we have used MAS-assisted twot-)y 32K data points. Th&'C 90° pulse width was 12.s,

dimensional nuclear Overhauser effects (NOESY and”md a 1.0-s relaxation delay was also used. The FIDs were

HOESY) (Halladay et al., 1990: Yu and Levy, 1983, 1984;proce?,sed using exponential line br.oadening of 1..0 Hz and
Cistola and Hall, 1995) to investigate the location of Water_zero'f'"w to 64K p(1)3|nts before Eourler_transform_anon. The
molecules within the PC lipid bilayers. Our findings have mverse-detecteﬁﬁ- _C 2D chemical Sh'ft_ <_:orre|at|on spec-
been evaluated in light of two surprising reports that watef'@ Were acquired in the phase-sensitive mode using a
resides at the interior of dimyristoylphosphatidylcholine PUISed-field-gradient version of the heteronuclear single
(DMPC) and 1-palmitoyl-2-oleoy$n-glycero-3-phospho- duantum coherence (HSQC) experiment (Kontaxis et al.,
choline (POPC) multibilayers (Forbes et al., 1988; Volke1994)- In theF, (*H) dimension, 1K data points were
and Pampel, 1995). Possible correlations of hydration betecorded over a 3.788-kHz spectral width. In fag(*°C)
havior with the phase and hydrogen-bonding properties ofimension, 128 FIDs of two scans each were obtained
particular lipids are also discussed. Finally, we have esticovering a 21.367-kHz spectral width. The fixed delays in
mated the exchange rates between bulk and interlamelldhe pulse sequence included a 1.0-s relaxation delay and a
populations of water in multilayers of MeDOPE, 1,2-dio- 1.786-ms polarization transfer delay. The resulting data
leoyl-snglycero-3-phosphocholine (DOPC), and their mix- were processed using a sine-bell squared window function
tures. shifted by /2 in both dimensions and linear prediction to
256 data points in Ffollowed by zero-filling to 1K.

MAS NMR spectra were acquired using a 5-mm high-
speed Doty solid-state probe. MAS speeds were varied
between 2 and 10 kHz in separate experiments, and the
The phospholipids used in this study (DOPC, POPC, Mesample temperature was equilibrated for at least 10 min
DOPE and dimethyldioleoylphosphatidylethanolaminepefore data acquisition. One-dimensional proton spectra
(MeMeDOPE)) were purchased from Avanti Polar Lipids \ere obtained with eight scans and 32K data points cover-
(Alabaster, AL). Deuterium oxide (99.9%) and CR@lere g 5 3.005-kHz spectral width. The FIDs were processed
E)urchased from Isotec (Miamisburg, OH). For qualitative ;sing exponential line broadening of 0.2 Hz and were zero-

H NMR measurements, aqueous phospholipid diSpersiongyeq 1o g4k before Fourier transformation. MAS-assisted
Wege frfn adle: by hydrqtlng éh: :\'ﬁ\'/ldRDOWder or film Wltgvovgtcer proton NOESY NMR spectra were acquired in the phase-
Zad ngrlé’Co\rNglrJ:nc:IitSi[(I)%ved in Cl_n;;;::(;eHm‘(B;ti ViV), seniitive mode using the pulse sequence (0990_ 90° T
dried with N,, and then lyophilized at high vacuum for 20 h. _S%O i AIShQ) (J_eene'rt.et a;jl.,t1979) antc)itq 9Od pulse :.wdth Of_
After addition of D,O to well defined amounts of the lipids, ™ ps. Fhase-sensitive data were obtained using time pro
the MLVs were taken through five cycles of vortex mixing, portional ph_ase m_crementatlon (TI.DPI) (Ernst et al,, %987)'
centrifuging, and freeze-thawing to obtain a uniform paste.In the F, dlmenS|0n,.2K data points were used with a
Each sample was loaded into a Pyrex tube with a 7p12- 3.905-kHz spectral W|.dth, 3?—128 scans, and a 4-s relax-
bulb at the end; the bulb was then cut off at the stem, seale@fion defay. In ther, dimension, 128 FIDs were extended
with epoxy glue, and positioned near the center of a 5-mnPY linear prediction to 256 data points and zero-filled to
cylindrical Zirconia MAS rotor filled with finely powdered Produce a 1Kx 1K data matrix. This procedure gave a
dry KBr (Zhou et al., 1997). digital resolution of 2.934 Hz/point in both dimensions.

All NMR spectra were recorded on a Bruker Avance During the 2D Fourier transformation a sine-bell window
DRX-500 spectrometer. High-resolution liquid-state datafunction shifted bym/2 was applied in both dimensions. The
were recorded with a 5-mm broadband inverse probdransformed data were not symmetrized. MA%-'H
equipped with triple-axis gradient capability. Two-dimen- HOESY 2D NMR spectra were also acquired in the phase-
sional proton correlation spectroscopy (COSY) was carriegensitive mode using TPPI. In tHéP (F,) dimension, a
out in the absolute value mode using the pulse sequenck045-kHz spectral width was defined by 2K data points,

EXPERIMENTAL
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FIGURE 1 @) Contour plot of'H gradient-assisted ' '
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and each FID required 80—-128 scans. Infhalimension,  3.004 kHz. The*'P 90° pulse width was 2.fs. The data
128 FIDs were linear predicted to 256 data points andwvere processed using exponential line broadening of 3.0 Hz
zero-filled to 1K points covering &H spectral width of in both dimensions.
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FIGURE 2 Proton MAS NMR spectra showing
water resonances in DOPC/water (1:40 mol:mol
(corresponding to 49.6 wt % of lipid)) and POPC/
water (1:39 mol:mol (corresponding to 49.4 wt %
of lipid)) liposomes, measured with a 3-kHz spin
rate, 45° pulse width, and a 60-s delay between
acquisitions. The insets show the dependence on
temperature of the total number of detectable wa-
ters in DOPC and POPC MLVs. &
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Chemical shifts for the high-resolution NMR spectra are*H-*C HSQC, as shown in Fig. B. Along the F axis is
reported in ppm relative to tetramethylsilane (TMS) usingdisplayed the methylene portion of the J-modulated spin-
the residual CDGlsignals at 7.24 and 77.0 ppm as internalecho **C NMR spectrum. The singlet at 62.88 ppm is
references for théH and *°C spectra, respectively. The assigned to th€H,OCO group, as it has no coupling with
MAS *H NMR spectra were referenced by assigning the3lp. Conversely, the doublet at 63.24 ppm may be assigned
terminal methyl group of the phospholipid to 0.9 ppm to the CH,PQ,. The corresponding proton assignments for
(Halladay et al., 1990). Th&'P MAS spectra were refer- CH,0OCO and ®,P0O, groups follow from the HSQC spec-

enced relative to external 85% phosphoric acid yOD trum as shown.
A spectral comparison was also made between MAS
RESULTS AND DISCUSSION NMR of DOPC MLVs and conventional liquid-statk
; ] NMR of DOPC small unilamellar vesicles (SUVs) (data not
H NMR assignments for DOPC shown). As SUVs contain no population of interlamellar

The gradient-enhanced COSY results summarized in Fig. Water, these results confirm the assignment of bulk water to
A were used to make most of the phospholipid resonancthe sharp downfield resonance in DOP@IDMLV sam-
assignments (Li et al., 1993). FoH3OCO and G1,PO, ples. Conventional spinning and MAS yielded comparable
protons of the glycerol backbone that were not previouslylinewidths in*H spectra of the SUV sample, suggesting that
assigned (Volke and Pampel, 1995; Chen et al., 1996)SUV rotation had averaged the dipole-dipole interactions
unambiguous assignments were achieved using gradieanhd chemical shift anisotropy effects.
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FIGURE 3 Quantitative'H NMR spectra of DOPC/
water (1:40 mol:mol (corresponding to 49.6 wt % of
lipid)) and POPC/water (1:39 mol:mol (corresponding to
49.4 wt % of lipid)) liposomes at spinning speeds of 3-9
kHz. Water peaks are marked with asterisks. No higher
speeds were used because the water and lipid signals
overlapped at 10 kHz (Zhou et al., 1997).
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Number of interlamellar waters in MLV samples molecules per lipid (Ulrich et al., 1990). It was hypothesized
that as the water molecules partition into the polar region

The water interacting with lipids has been classified vari- . . . i
ously as tightly bound, weakly bound, trapped, and freebetween the bilayers, opposing bilayers move apart to ac

water (Walter and Hayes, 1971; Finer and Darke, 1974_c_ommc_3date interlamellar yvater “r?“' they reach an equilib-
) o fium distance where their repulsive and attractive forces

Berendsen, 1975; Israelachvili and Wennerstrom, 1992) otr) I Ulrich and Watts. 1994). Additi | water added t

simply as interlamellar water and bulk water (Chen et al., alance (Ulrich and Watts, ): tionaiwater added to

1996). The interlamellar water itself has also been categot-he sample then remains in the lipid dispersion as bulk

rized as nonfreezeable and freezeable water (Kodama et af/ater- The water saturation number obtained WHINMR

1997). By measuring théH NMR of deuterated MLV or of should correspond to the number of tightly bound a'nd
D,O in MLV, it has been reported that saturation of theWeakly bound waters; thus, it may represent only a portion
lipids with water is essentially complete at 22 waters per Pf the interlamellar water. In other words, the number of
(Gawrisch et al., 1985; Ulrich and Watts, 1994). Lipid interlamellar waters present within the multilamellar assem-
structural changes have been observed for water concentrly could be larger than the number interacting directly with
tions up to 12—15 water molecules per lipid molecule, basedipids (Gawrisch et al., 1985; Ulrich and Watts, 1994).

upon analysis of the residual quadrupolar splittings in se- Recently we reported that the bulk and interlamellar
lectively deuterated lipids (Ulrich and Watts, 1994; Volke etwater of PC MLVs could be differentiated by usirif

al., 1994). The effects of low water content on bilayer MAS NMR with samples in a spherical glass ampoule
structure were also studied by other researchers (Sackmar{ghou et al., 1997). This protocol facilitates the counting of
1983). The motional freedom (spin-lattice relaxation rate,interlamellar waters, as shown in Fig. 2 for DOPC and
R,) of a N"(CD,), deuterated DOPC was found to increasePOPC dispersions. Several conditions permit reliable inter-
continuously with hydration up to a limit of 20—-22 water pretation of these data. First, all of the water added to the
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40 during the 10 years that MAS NMR techniques have been
used in studies of water/phospholipid systems. The decrease
35 ¥ g of interlamellar waters (increase of bulk waters) with spin-
& v ning speed is obvious in Fig. 3 for DOPC and for POPC
30 - . i dispersions. For MLVs of both phospholipids, the number
interlamellar of interlamellar waters was found to decrease fre®7 to
25 31 as the MAS rate is varied between 3 and 9 kHz (Fig. 4).
Three important conclusions follow from these results.
20 First, we expect that static aqueous samples of DOPC and
POPC will have more than 37 interlamellar waters per lipid
molecule, in agreement with previous x-ray diffraction stud-
ies (Rand and Parsegian, 1989; Mcintosh and Magid, 1993).
bulk Second, the modest drop in the degree of hydration with
o © spinning speed may reflect the removal of interlamellar
4 water that is not directly bound to lipid, but it is not
Q expected to cause alterations in lipid dynamics (Ulrich et al.,
8 1990) or structure (Ulrich and Watts, 1994; Volke et al.,
0 ' ' ! ' 1994). Thus, MAS NMR data collected on phospholipids at
3 5 7 ° speeds below 9 kHz should not be compromised by artifacts
Spinning speed (kHz) from centrifugal forces. Third, the similar number of inter-
lamellar waters in DOPC and POPC samples suggests that

FIGURE 4 The dependence of the number of interlamellar and bulkthe amount of interlamellar water is not sensitive to acyl-
waters in DOPC [(J and O) and POPC ¥ and A) MLVs on spinning chain structure

speed.
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phospholipids should be detectable by NMR, as the experfhe well-known sensitivity of nuclear Overhauser effects
imental temperature of 27.5°C is well above the gel-to-(NOEs) to molecular geometry has been used in 2D
liquid crystalline phase-transition temperatures for DOPONOESY experiments to delineate both intramolecular and
and POPC {20°C and—5°C, respectively; Caffrey, 1993) intermolecular proximities in a variety of lipid systems
and should therefore have sufficient motion. This assump¢Forbes et al., 1988; Volke and Pampel, 1995; Zhou et al.,
tion is confirmed by the constancy of total waters in each1996; Chen et al., 1996; Holte and Gawrisch, 1997). Based
MLV preparation that we observe as a function of temper-upon the observation of NOESY cross-peaks between HOD
ature (insets to Fig. 2). Second, the long waiting timesand protons of the lipid molecule, previous workers have
between acquisitions in comparison with thespin-relax-  made the surprising suggestion that substantial amounts of
ation times for HDO protons (Zhou et al., 1997) shouldwater reside at the interior of DMPC and POPC multibilay-
guarantee the validity of using integrated intensities for theers (Forbes et al., 1988; Volke and Pampel, 1995). We
two water resonances to derive the numbers of interlamellaghose to reinvestigate these phenomena in our DOPC and
waters. Finally, the calculations must account for the facPOPC systems, particularly in light of possible ambiguities
that one water molecule remains bound to the lipid headarising from instrumental shortcomings, symmetrization ap-
group under our sample preparation conditions (Cevc, 199%slied during data processing, and spin diffusion effects
Ulrich and Watts, 1994). At the 3-kHz spinning speed usedChen and Stark, 1996).

in this set of experiments, we estimate an average of 37.5  Using POPC samples similar to those studied previously
1 and 37.2+ 1 moles of interlamellar water per mole of (Volke and Pampel, 1995), we confirmed the observation of
phospholipid for DOPC and POPC, respectively. Thesenegative cross-peaks between interlamellar water and pro-
numbers are consistent with diffraction studies that indicateons of the polar headgroup and backbone regions (Fidy. 5,
30—-44 water molecules per DOPC (Rand and ParsegiamndB), which indicate short water residence times at these
1989; Mcintosh and Magid, 1993). lipid sites. In contrast with previous work, however, our
spectra displayed only some small positive cross-peaks be-
tween water and the acyl-chain protons. These latter obser-
vations were confirmed for mixing times of 200—600 ms
with a 500-MHz NMR spectrometer and for MAS-NOESY

If reliable structural information on multilamellar vesicles is data collected at &H frequency of 300 MHz (data not

to be obtained with MAS NMR techniques, it is crucial to shown). As polar water molecules are not expected to have
understand to what extent the centrifugal forces induced biong residence times in the hydrophobic environment of the
spinning the sample may remove water from the lipid prepdipid, it is more likely that the small positive cross-peaks
aration. This issue has not been addressed systematicalbgtween water and the acyl chains arise fromndise or

Variations in the number of interlamellar waters
with spinning speed
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FIGURE 5 Phase-sensitive NOESY contour plot of ‘ [
POPC dispersions/water (1:9 mol:mol (correspondingto ~—®™—7 - r - ------.-——"7"-—"J778-"————— — L pom
81.2 wt % of lipid), 80% QO and 20% HO), measured oo i ) 2 i
with 4-kHz MAS, a 600-ms mixing time, a4 s be-
tween successive acquisitions) Positive cross-peaks; B
(B) Both positive and negative cross-peaks (negative
cross-peaks are marked witlrrows). The spectrum
above B is a slice across the water peak. Negative
cross-peaks are observed for water with the polar head-
group @rrows) and the glycerol backbone of the lipid.
Similar results are obtained with mixing times of 200 ‘ 4 L,
and 400 ms.
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spin diffusion that occurs after direct through-space inter- Independent evidence for the localization of water in the
actions with the phospholipid headgroup and glycerol backheadgroup and backbone regions of the phospholipid in
bone. A similar phenomenon has been demonstrated prewvinultilamellar dispersions comes from 2D heteronuclear
ously by us for DMPC multilayers (Chen and Stark, 1996).Overhauser effect (HOESY) experiments (Rinaldi, 1983;
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backbone sites conforms to an extensive body of previous
data, including a neutron diffraction study showing that
water binds to the ester carbonyls, phosphate,Nunaeth-

yls of a phosphatidylcholine bilayer (Zaccai et al., 1975), a
DSC finding of three kinds of binding sites (Kodama et al.,
1997), and recent computational modeling results (Tiele-
man et al., 1997; Feller et al., 1997).

Lipid structure and hydration

04 | . Fig. 7 compares the MASH NMR spectra of several
phospholipid-water systems. In the DOPQID system
(Fig. 7 a), the interlamellar water is shifted to lower fre-
-1 quency (Zhou et al., 1997). By contrast, Figb 8hows the
broad interlamellar water peak at higher frequency in‘the
NMR spectrum of MeDOPE/RD, consistent with a previ-
: : ‘ , , ous report (Chen et al., 1996). The chemical shift difference
s o4 3 2 1 between the two water peaks in MeDOPE MLVs is 0.08
H Chemical shift (ppm) ppm. This value is smaller than the 0.13 ppm estimated
- previously without the enhancement of resolution afforded
FIGU'RE 6 Phase-sensitive HOESY contour plot for DOPC/water (1:1,b the spherical inserts (Chen et al., 1996). Our findings
w:w, in 20 mM phosphate buffer, pH 5.2, 85%®/15% D,O), measured y P . . . ’ . ,g
with 6-kHz MAS, a 300-ms mixing time, ah3 s between successive May be rationalized by examining the three reported binding
transients. sites for water molecules: the ester carbonyls, the phos-
phate, and the NK{CHy),,, headgroup (Zaccai et al., 1975).
For DOPC the waters should exchange rapidly because no
Yu and Levy, 1983, 1984; Canet et al., 1992; Ganapathy gbositive NOESY cross-peaks were observed between the
al., 1995; Cistola and Hall, 1995; Warschawski et al., 1996)water proton and protons near the three binding sites. The
First, phase-sensitive'P{*H} HOESY was tested with an waters interacting with ester carbonyls and phosphate
ATP solution (0.5 M ATP in 20 mM phosphate buffer, pH should experience a deshielding effect because of hydrogen
5.2, 85% HO/15% D,0), yielding the three anticipated bonding, but these two kinds of water might also be affected
interactions of water protons with phosphorus nuclei of theby double bonds and neighbor anisotropy effects of carbon-
nucleic acid (Yu and Levy, 1983, 1984). An additional yls and phosphate. The interaction between water and the
cross-peak to the phosphate buffer (presumably folded and(CH); group should be relatively weak. The resulting
attenuated under the earlier experimental conditions) indieffect on the water proton with DOPC is that it is shielded;
cated strong dipolar interactions between water and thee., its chemical shift is at lower frequency compared with
buffer. Then, HOESY experiments with a range of mixing bulk water opposite to the case of MeDOPE. For MeDOPE,
times were carried out on MLVs of DOPCJD (1:1, w:w.)  waters that interact with carbonyls and phosphate might also
and DOPC/water (1:1, w:w; 20 mM phosphate buffer, pHform strong hydrogen bonding with N@H;. Water pro-
5.2, 85% HO/15% D,O). Although our small sample size tons might also exchange rapidly with the NH protons of
and large chemical shift anisotropy effects (Brauer andNH,CH; resulting in a change in the chemical shift of
Sykes, 1981) preclude the observation of cross-peaks thatterlamellar water. However, at a water-to-lipid molar ratio
originate from3'P of the phospholipid, it was possible to of 38 (corresponding to 49.5 wt % of lipid), the average
use the phosphate buffer as a reporter of the water locatiowhemical shift of this water should be very close to that of
Fig. 6 shows the HOESY results, revealing cross-peakbulk water.
between the’’P of the buffer and protons of the GEIP, The nature of lipid hydration was also assessed for sev-
POCH,, and N(CH,); groups, respectively. As no HOESY eral types of mixed MLV samples. First, an aqueous dis-
connectivities to the acyl-chain protons are found, this resulpersion prepared from a dry MeDOPE/DOPC mixture gave
strengthens our argument against the presence of water the MAS*H NMR spectrum shown in Fig. @ As the two
the interior of the lipid bilayer. phospholipids reside in the same bilayer, water molecules
The NOESY and HOESY results presented above indiinteracting with MeDOPE and DOPC are expected to ex-
cate that few waters reside inside the membrane, but theghange rapidly on the NMR time scale. Moreover, as the
should not be construed to mean that water cannot traverdmilk water has nearly the same chemical shift as interlamel-
the membranes. In fact, water diffusion through model andar waters, only one water peak is observed.
biological membrane structures constitutes the basis of os- In a second experiment, MeDOPE liposomes were
motic lysis of membrane-entrapped structures. Our conclupacked on top of DOPC liposomes in a single glass am-
sion that water is distributed primarily at headgroup andpoule. MAS*H NMR results for the resulting sample are

3'p Chemical shift (ppm)
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FIGURE 7 H NMR spectra of several phospholipid/ c
D,0 systems measured with a spinning speed of 3 kHz
(water peaks are marked with asteriska). JOPC/D,O
(1:1, w:w); () MeDOPE/D,O (1:1, w:w); €) MeDOPE/
DOPC/D,O (1:1:2, w:w:w); ) MeDOPE/DO (1:1, *
w:w) liposomes packed on top of DOPC/D (1:1, w:w) x
liposomes in a spherical glass ampoul®; MeDOPE/
D,0 (1:1, w:w) liposomes mixed with DOPC/D (1:1, * d
w:w) liposomes; f) MeMeDOPE/DOPC/DO (1:1:2,
w:w:w) liposomes.
*
*
v_/d )
%
* f
‘ppml ! ) ) ) 5?0 ' ' ' ' 4!5 ! T ' 4‘.0 !

displayed in Fig. @, which reveals three water peaks. Their more comparable to their respective chemical shift differ-
chemical shifts correspond to the interlamellar water inences. In physical terms, mixing may enhance the rate of
MeDOPE liposomes, the bulk water, and the interlamellarexchange; alternatively or additionally, it may cause some
water in DOPC liposomes, respectively. These three kind&1eDOPE headgroups to be moved away from the bilayer
of water are evidently in slow exchange even though theysurface, thus diminishing hydrogen bonding to thé RH,
are present in the same ampoule. This is in agreement withnd shifting the water signal to lower frequency. Notably,
previous?H NMR studies (Lindblom, 1996). As the spin- interlamellar waters of the DOPC and MeDOPE liposomes
ning speed was increased from 3 to 10 kHz, the samplstill exchange slowly on thé&H NMR time scale.
temperature increased and the peaks shifted to lower fre- Finally, an aqueous dispersion prepared from a dry
quency (Zhou et al., 1997). It can be noted that the signaleMeDOPE/DOPC mixture produced the MAS NMR
of the bulk water and of the interlamellar water of DOPC spectrum shown in Fig. 7. As for the MeDOPE/DOPC
shifted to similar extents, but the signal from the interla-sample prepared in an analogous fashion (see above), inter-
mellar water of MeDOPE shifted relatively less (data notlamellar water molecules that interact with the two lipids
shown). will exchange rapidly because MeMeDOPE and DOPC
If the sample from Fig. d is mixed with a glass rod, the reside within the same bilayer. The resulting averaged peak
resonance from interlamellar water associated with Meappears at lower frequency, as the single NH group in
DOPE becomes a broad shoulder on the high-frequency siddeMeDOPE diminishes hydrogen-bonding opportunities to
of bulk water, as shown in Fig. & Although three water the headgroup and their consequent deshielding effects. The
peaks are still visible in the spectrum, their broader appearnterlamellar water is then observed as a distitiétreso-
ance suggests that the rate of chemical exchange is nomance from bulk water.



396 Biophysical Journal Volume 76 January 1999

[\

o &Y

FIGURE 8 Phase-sensitive NOESY
of MeDOPE/DO (1:1, w:w) lipo-
somes measured with a 3-kHz MAS, 0
a mixing time of 300 ms, and 4 s
between transients.

-2

©

-4

R S0

I ppm

---------

Membrane permeation planar bilayers (Stryer, 1988). Nevertheless, they are in
. - ccord with a recent report of distinct water resonances in
The observation of distinct proton resonances from bulk an 1 d blood cell . :
interlamellar water puts limits on their exchange rate, i.e AS "H NMR spectra of red blood cell suspensions, in
" “"Which there exists a single bilayer membrane but where the

slower than 2x< 7 X 0.05 X 500= 157 s * for a chemical :
shift difference of 0.05 ppm in aqueous DOPC dispersionsexchange rate between intracellular and extracellular water
' must be less than 151 % (Humpfer et al., 1997).

To refine this observation, MAS-assisted 2D exchangé'n )
spectroscopy (2D EXSY) (Jeener et al., 1979; Riddell and MLVS have many layers and may also be packed tightly
Zhou, 1994) was conducted for the sample used in Fig. 7 together by the MAS so that there is no bulk water between

With 3-kHz MAS and mixing times of 300, 800, and 1500 them. Together, these factors may reduce the exchange rate
ms, no magnetization exchange was detected between tietween bulk water and interlamellar water, allowing for the
water sites (data not shown). Thus, the exchange occufPservation of separate water signals. The appearance of
slowly, consistent with the limit quoted above. distinct water signals might also be caused by the centrifu-
Both the 1D spectra and the 2D EXSY indications ofgal force on water during MAS. It was shown in Fig. 4 that

slow chemical exchange are surprising in light of previousthe interlamellar water could be pushed out of MLVs and be
electrical conductance measurements that yielded a watehanged to bulk water by using a higher spinning speed.
permeability coefficient of-5 x 103 (cm/s) (5% 10°A/s)  Because the density of O is higher than that of the
and indicated that water traverses the membrane rapidly iphospholipid, the free water could be localized near the
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N(CHs)s

POCH; (DOPC)
POCH; (MeDOPE)
NCH; (MeDOPE)

3.0

FIGURE 9 Phase-sensitive NOESY

of MeDOPE/DOPC/O (1:1:2, w:w:w)

liposomes, measured as described in

Fig. 8. The intermolecular cross-

peaks are marked with arrows.
3.5
—4.0

ppm

inner surface of the spherical glass ampoule by MAS. Theons: POG1, and GH,N, POCH, and N(H;, and GH,N and
exchange between interlamellar waters in different MLVs iSNCH. As reported previously (Chen et al., 1996), positive
also slow (see Fig. © ande). The explanation for distinct cross-peaks were found for interlamellar water withHNC
water resonances in MAS{ NMR spectra of red blood cell and CH,N protons of the lipid headgroup; an additional
suspensions may be that cells are packed tightly togethemall cross-peak to PQ€ was observed in the current set
upon removal of intracellular water, and as a consequencef experiments. The cross-peak intensities with water de-
the water exchange rate between the intracellular and exrease as NB; > CH,N > POCH,. This suggests that
tracellular (bulk) water is reduced (Humpfer et al., 1997). water in MeDOPE/DO exchanges rapidly with N,CH; on
the proton NMR time scale. Another explanation is that the
water interacts strongly with NLCH; (Chen et al., 1996).
For mixed MLVs incorporating both MeDOPE and
In addition to yielding information on the location and DOPC, NOESY experiments gave the results presented in
residence times of water within phospholipid MLVs, MAS- Fig. 9. DOPC cross-peaks were found between A©O&hd
NOESY experiments can reveal organizational details irCH,N, POCH, and NCH;, CH,N and NCH,. Thus, despite
model membrane systems composed of one or more cherprevious reports that an expected cross-peak between
ical components. For MeDOPE liposomes (Fig. 8), crossPOCH, and GH,N was absent in many phospholipid sys-
peaks were observed between the following headgroup prdems (Forbes et al., 1988; Xu and Cafiso, 1986; Halladay et

NOESY of MeDOPE liposomes
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al., 1990; Chen et al.,, 1996), this spectral feature waganet, D., N. Mahieu, and P. Tekely. 1992. Heteronuclear Overhauser

observed in MLVs Containing both MeDOPE and DOPC. In effect measurements in surfactant systems. |. The direct estimation of the
) distance between water and the micellar surfakeAm. Chem. Soc.

contrast with MeDOPE, no NOE cross-peak was observed 114:6190—-6194.

between water and the headgroup of DOPC, even thougbevc, G. 1992. Hydration of Macromolecules: Lipid Hydration. E.
DOPC and MeDOPE are in same bilayer. This means that Westhof, editor. MacMillan Press, New York. 338-390.

one of the reasons for observing the positive cross-peakshen. Z. L. C. M. van Gorkom, R. M. Epand, and R. E. Stark. 1996.

. Nuclear magnetic resonance studies of lipid hydration in monomethyl-
between water and the headgroup of MeDOPE in MeDOPE/ 5jeoyiphosphatidylethanolamine dispersior@iophys. J.70:

DOPC might be the exchange of water wittH)MCH;. No 1412-1418.
positive cross-peaks were found between water ang@hen,Z. andR.E. Stark. 1996. Evaluating spin diffusion in MAS-NOESY
N+(CH3)3 of DOPC, although a strong cross-peak between spectra of phospholipid multibilayerSolid State NMR7:239-246.

: Cistola, D. P., and Hall, K. B. 1995. Probing internal water molecules in
NH,CH; and N+(CH3)3 was observed. This suggests the proteins using two-dimensional®F-*H NMR. J. Biomol. NMR.

close physical proximity of these headgroups, likely result- 5:415-419.
ing from their orientation in a direction close to the plane of Crowe, J. H., and L. M. Crowe. 1984. Biological Membrane, Vol. 5. D.
the bilayer. Chapman, editor. Academic Press, London. 58-103.

An intriguing feature of the MAS-NOESY spectra for Ernst, R. R., G. Bodenhausen, and A. Wokaun. 1987. Principles of Nuclear

. . Magnetic Resonance in One and Two Dimensions. Clarendon Press,

MeDOPE/DOPC mixed MLVs concerns the intermolecular oyforg.
lipid cross-peaks designated by arrows in Fig. 9. In partiCreller, S. E., D. Yin, R. W. Pastor, and A. D. Mackerell, Jr. 1997.
ular, cross-peaks are evident for P@Cof MeDOPE with Molecular dynamics simulation of unsaturated lipid bilayers at low

hydration: parameterization and comparison with diffraction studies.
NCH; and NCH,, of DOPC and for NHCH; of MeDOPE Biophys. J73:2269—2279.

with NCHS, NCHZ' and POGIi, of DOPC. These _reSUItS Finer, E. G., and A. Darke. 1974. Phospholipid hydration studied by
show that the distances between these proton pairs are lessleuteron magnetic resonance spectroscaiyem. Phys. Lipids12:
than 5 A. We are currently using such distance information 1-16.

in molecular dynamics simulations of membrane structures?ookson J. E., and D. F. H. Wallach. 1978. Structural differences among
phosphatidylcholine, phosphatidylethanolamine, and mixed

In summary, th? current study demopstra.tes the ability of phosphatidylcholine/phosphatidylethanolamine multilayers: an infrared
ultra-high-resolution MAS NMR to provide diverse types of  absorption studyArch. Biochem. Biophys189:195-204.

molecular information regarding phospholipid structure and-orbes, J. C., C. Husted, and E. Oldfield. 1988. High-field, high-resolution

P ; ; ; _ proton “magic-angle” sample-spinning nuclear magnetic resonance
membrane organization. Itis p055|ble to determine the num spectroscopic studies of gel and liquid crystalline lipid bilayer and the

ber of interlamellar waters in MLV preparations, assess the effects of cholesteroll. Am. Chem. Sod.10:1059—1065.
importance of dehydration effects that accompany spinningganapathy, S., S. S. Ray, P. R. Rajamohanan, and R. A. Mashelkar. 1995.
deduce the location and exchange rate of water in lipid bilay- Hydration in polymer studied through magic angle spinning nuclear

. . . magnetic resonance and heteronuclE{*H} Overhauser enhance-
ers, and compare the magnetic environment of interlamellar ment spectroscopy: cross-relaxation and location of water in poly(acryl-

water for phospholipids of related molecular structure. amide).J. Chem. Phys103:6783-6794.

Gawrisch, K., J. Ruston, J. Zimmerberg, V. A. Parsegian, R. P. Rand, and

N. Fuller. 1992. Membrane dipole potentials, hydration forces, and the

We are very grateful to Dr. Raquel F. Epand and Mr. Guohua Wu for their  ordering of water at membrane interfacBophys. J.61:1213-1223.
technical help during the course of this study. We appreciate the assistanégawrisch, K., W. Richter, A. Mops, P. Balgavy, K. Arnold, and G. Klose.
of Mr. Michael Palme in making the spherical glass ampoules. We also 1985. The influence of water concentration on the structure of egg yolk
thank Prof. A. D. Bain and Dr. Heiko H. Heerklotz for very useful ~ Phospholipid/water dispersionStud. Biophys108:5-16.
discussions. Gutman H., G. Arvidson, K. Fontell, and G. Lindblom. 198% and®H
This work was supported by grants from the Medical Research Council of NMR studies of phase equilibria in the three component system: mo-
Canada (MT 7654 to R.M. Epand) and the City University of New York noolein-dioleoylphosphatidyl-cholinén Surfactants in Solutions. K. L.

PSC-CUNY Research Award Program (666176 to R.E. Stark). Mittal and B. Lindman, editors. Elenum Pre.ss, New York. 143—152.
Halladay, H. N., R. E. Stark, S. Ali, and R. Bittman. 1990. Magic-angle

spinning NMR studies of molecular organization in multibilayers
formed by 1-octadedecanoyl-2-decanegglycero-3-phosphocholine.

REFERENCES Biophys. J58:1449-1461.

. . o . Holte, L. L., and K. Gawrisch. 1997. Determining ethanol distribution in
Bach, D., and I. R. Miller. 1998. Hydration of phospholipid bilayers inthe  phospholipid multilayers with MAS-NOESY spectiBiochemistry 36:

presence of cholesterdbiochim. Biophys. Actal368:216—-224. 4669—4674.

Bechinger, B., and J. Seelig. 1991. Conformational change of the phosqumpfer, E., M. Spraul, A. W. Nicholls, J. K. Nicholson, J. C. Lindon.
phatidylcholine head group due to membrane dehydraGbem. Phys. 1997. Direct observation of resolved intracellular and extracellular water
Lipids. 58:1-5. signals in intact human red blood cells usitig MAS NMR spectros-

Berendsen, H. J. C. 1975. Water: A Comprehensive Treatise, Vol. 5. F. copy.Magn. Reson. Med8:334-336.

Franks, editor. Plenum Press, New York. Hurd, R. E. 1990. Gradient-enhanced spectroscdpyagn. Reson87:

Bloom, M., E. E. Burnell, S. B. W. Roeder, and M. Valic. 1977. Nuclear = 422-428.
magnetic resonance line shapes in lyotropic liquid crystals and relatedsraelachvili, J. N., and H. Wennerstrom. 1992. Entropic forces between
systemsJ. Chem. Phys66:3012—-3021. amphiphilic surfaces in liquidsl. Phys. Chen96:520-531.

Brauer, M., and B. D. Sykes. 1981. Phosphorus-31 nuclear magnetideener, J., B. H. Meier, P. Bachmann, and R. R. Ernst. 1979. Investigation
resonance studies of adenosinetfphosphate bound to a nitrated of exchange processes by two-dimensional NMR spectrosdo@hem.
derivative of G-actinBiochemistry 20:6767—6775. Phys.71:4546—-4553.

Caffrey, M. 1993. Lipidat: A Database of Thermodynamic Data andJendrasiak, G. L., R. L. Smith, and W. Shaw. 1996. The water adsorption
Associated Information on Lipid Mesomorphic and Polymorphic Tran-  characteristics of charged phospholipiBgchim. Biophys. Actal279:
sitions. CRC Press, Boca Raton, FL. 63-69.



Zhou et al. Phospholipid Hydration 399

Kodama M., H. Aoki, H. Takahashi, and I. Hatta. 1997. Interlamellar spin-lattice relaxation time measuremen@hem. Phys. Lipids55:
waters in dimyristoylphosphatidylethanolamine-water system as studied 61—66.
by calorimetry and x-ray diffractionBiochim. Biophys. Actal329:  yjrich A. S., M. Sami, and A. Watts. 1994. Hydration of DOPC bilayers by
61-73. differential scanning calorimetryBiochim. Biophys. Actal191:

Kontaxis, G., J. Stonehouse, E. D. Laue, and J. Keeler. 1994. The sensi- 225-230.
tivity of experiments which use gradient pulses of coherence-pathwayyirich A. S., and A. Watts. 1994. Molecular response of the lipid head-
selection.J. Magn. Reson. Ser..A11:70-76. group to bilayer hydration monitored b§H NMR. Biophys. J.66:

Li, K. L., C. A. Tihal, M. Guo, and R. E. Stark. 1993. Multinuclear and  1441-1449.
magic-angle-spinning NMR investigations of molecular organization inyglke, F., K. Gawrisch, and K. Amold. 1982. The effect of hydration on
phospholipid-triglyceride aqueous dispersiorgiochemistry 32: the mobility of phospholipids in the gel state: a proton NMR spin echo
9926-9935. study.Chem. Phys. Lipids31:179-189.

Lindblom, G. 1996. NMR spectroscopy on lipid phase behavior and lipidyglke, F., S. Eisenblatter, J. Galle, and G. Klose. 1994. Dynamic properties
diffusion. In Advances in Lipid Methodology. W. W. Christie, editor.  of water at phosphatidylcholine lipid-bilayer surfaces as seen by deute-
Oily Press, Dundee, UK. 133-209. rium and pulsed field gradient proton NMRhem. Phys. Lipids70:

Lindblom, G., and G. Oradd. 1994. NMR studies of translational diffusion 121-131.
in lyotropic liquid crystals and lipid membraneBrog. Nucl. Magn.  vjlke, F., and A. Pampel. 1995. Membrane hydration and structure on a
Reson. Spectros@6:483-516. subnanometer scale as seen by high resolution solid state nuclear mag-

Lundberg, B., E. Svens, and S. Ekman. 1978. The hydration of phospho- netic resonance: POPC and POPCED, model membrane®iophys.
lipids and phospholipid-cholesterol complexé&3hem. Phys. Lipids J. 68:1960-1965.

22:285-292. von Kienlin, M., C. T. W. Moonen, A. van der Toorn, and P. C. M. van
Mcintosh, T. J., and A. D. Magid. 1993. Phospholipid Handbook. G. Cevc,  Zijl. 1991. Rapid recording of solvent-suppressed 2D COSY spectra
editor. Marcel Dekker, New York. 553-577. with inherent quadrature detection using pulsed field gradidnidagn.

Mclntosh, T. J., and S. A. Simon. 1993. Contributions of hydration and Reson.93:423-429.
steric (entropic) pressures to the interactions between phosphatidylchaa/alter, W. V., and R. G. Hayes. 1971. Nuclear magnetic resonance studies

line bilayers: experiments with the subgel phaBéochemistry.32: of the interaction of water with the polar region of phosphatidylcholine
8374-8384. micelles in benzeneBiochim. Biophys. Acta249:528-538.

Rand, R. P., and V. A. Parsegian. 1989. Hydration forces between phosyarschawski, D. E., P. Fellmann, and P. F. Devaux. 1996. High-resolution
pholipid bilayers.Biochim. Biophys. Act088:351-376. 31p1H two-dimensional nuclear magnetic resonance spectra of unsoni-

Riddell, F. G., and Z. Zhou. 1994. NMR study of ion transport through cated lipid mixtures spinning at the magic-angtur. Biophys. J.
phospholipid bilayers mediated by the ionophoric antibiotic septamycin. 25:131-137.

Proc. Indian Acad. Sci. (Chem. Scif)06:1505-1514. Woessner, D. E. 1980. An NMR investigation into the range of the surface
Rinaldi, P. L. 1983. Heteronuclear 2D-NOE spectroscapyAm. Chem. effect on the rotation of water molecules.Magn. Resor39:297-308.
Soc.105:5167-5168. Xu, Z. C., and D. S. Cafiso. 1986. Phospholipid packing and conformation
Sackmann, E. 1983. Physical foundations of the molecular organization in small vesicles revealed by two-dimensiort&l nuclear magnetic
and dynamics of membranes. Biophysics. W. Hoppe, W. Lohmann, resonance cross-relaxation spectrosc@igphys. J49:779-783.

H. Markl, and H. Ziegler, editors. Springer-Verlag, New York. 425-457. vy, C., and Levy, G. C. 1983. Solvent and intramolecular proton dipolar
Sjolund, M., G. Lindblom, L. Rilfors, and G. Arvidson. 1987. Hydrophobic  relaxation of the three phosphates of ATP: a heteronuclear 2D NOE
molecules in lecithin-water systems. |I. Formation of reversed hexagonal study.J. Am. Chem. S0d.05:6994—-6996.

phases at high and low water conterB#ophys. J 52:145-153. Yu, C., and Levy, G. C. 1984. Two-dimensional heteronuclear NOE
Stryer, L. 1988. Biochemistry, 3rd ed. W. H. Freeman and Co., New York. (HOESY) experiments: investigation of dipolar interactions between
291. heteronuclei and nearby protorks.Am. Chem. S0d.06:6533—-6537.

Tieleman D. P., S. J. Marrink, and H. J. C. Berendsen. 1997. A computeZaccai, G., J. K. Blasie, and B. P. Schoenborn. 1975. Neutron diffraction
perspective of membranes: molecular dynamics studies of lipid bilayer studies on the location of water in lecithin bilayer model membranes.

systemsBiochim. Biophys. Actal331:235-270. Proc. Natl. Acad. Sci. U.S.A.2:376-380.

Ulmius, J., H. Wennerstrom, G. Lindblom, and G. Arvidson. 1977. Deu- Zhou, Z., Y. Okumura, and J. Sunamoto. 1996. NMR study of choline
teron NMR studies of phase equilibria in a lecithin-water systBro- methyl group of phospholipid$roc. Jpn. Acad72:23-27.
chemistry.16:5742-5745. Zhou, Z., B. G. Sayer, R. E. Stark, and R. M. Epand. 1997. High-resolution

Ulrich A. S., F. Volke, and A. Watts. 1990. The dependence of phospho- MAS *H NMR studies of lipid dispersions using spherical glass am-
lipid head group mobility on hydration as studied by deuterium NMR  poules.Chem. Phys. Lipids90:45-53.



