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I. INTRODUCTION

The deuterium nucleus has a spin I = ) and thus possesses
an electric quadiupole moment. The interaction of this moment
with the electric field gradient at the deuteron nucleus causes
a weak parturbation of the nuclear Zeeman levels so that separ-
ate transitions corresponding +les0 and 0 «= -1 are cbserved,
From the megnitude of thiz "quadrupole splitting®™ it is often
possible to extract information about the rate and type of motion
of the deuterium nuclei involved (1-3). Recently, it has been
showva that deuterium magnetic resonance (DMR} spectroscopy 1s an
exteimely powerful technicue with which to study the structural -
organization of both model (4-6) and natural cell membranes (7-8),
In tlLis article we review some of ocur recent progress in the use
of deutefitm WMR spectroscopy in the study of the dynamic struc-
ture of both model and biclogical mambranes. In particular, we
focus cur attention on the effacts of “impurities®, such as cho—
lestercl, in model systems, In addition, we present some pre~
liminary data on deuterium NMR of marmalian cell membranes, together
with neutron diffraction results on specifically deuterium labelled
rhosphelipid-cholestercl mixtures.
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Fig, 1. Plot of deuterium guadrupole splitting Av 0 of
1,2[2',2'—:!2} dipalmitoylphosphatidycholine versus mole % chol-

esterol, for bilayer menmbranes in axcess water at 43°C.
iI. RESULTS AND DISCUSSION

Cholesterol. Recently Seelig and Seelig (9) have shown that
the zl-l spectra of pure 1,2[2',2'-dZIDPPC (I) exhibit three major
éfundrupole splittings, and by selectively deuterating either the
1l or 2 chains they assigned the largest splitting to the deuter-
ons on the 1 chain and the two smaller splittings to the deuter-
ong on the 2 chain, When cholesterol {CHOL) is added to I above
'1'0 large changes in AvQ are observed as is shown in Figure 1.

At higher temperature the break in this curve occurs at higher
chelesterol mole fraction (xm
at which it cccurs corresponds approximately to the solid to
fluid plus solid phase boundary proposed by Shimshick and
MeConnell (10). Below 'l‘c the sgituation ‘is quite different, In
pure I below 'l'c we have not observed spectra in our BO kHz
spectral windows, which is consistent with the DPPC molecules
being in a highly ordered state. However, at X L >0,33 we

CHO:

raecover the entire spectrum; a spectrum at xCHOfL = 0.40 at 25° C

}J, and the temperature and xCHOI.

is shown in Figure 2a.

With I at xCHO‘L = 0.29 at 25°C we detect only the 1 chain
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40.2% CHOLESTEROL, 23°C
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Fig. 2. Deuterium NMR spectra of 1,2-{2',2'-{121 dipalmitoy=
lphosphatidyl choline in excess water (a) at 25° with X "=

CHOL
° - *
0,40 (k) at 25° with XCHOL 0.29 and (c) at 55° with .Xc

por, = O~

lines, as shown in Figure 2b. Thus, we conclude that the phase
boundary observed in DSC (11-13) and X-ray diffraction experi-
ments (14) at xCHOL & 0.33 mainfests itself in our 23 MMR experi-
ments as a disappearance of the 2 chain lines in compound I,

As we further decrease xCHOL the second change occurs, and that
is the disappearance of the 1 chain lines at X = 0.20.

In an X-ray study of a single crystal of t]:.!,!o;‘-dilau:oyl—
;:hosphatidylethanolamine {15}, it was found that the 2 chain is
initially extended parallel to the bilayer plane, but after the
2' position it is perpendicular to this plane, while the 1 chain
is at all positions extended perpendicular to this plane, Such

a conformation places the 2-2' position in a hindered configura-
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Fig. 3. Ordering pmf.fle for pure DMPC (at 35°C)} and in the

' presenca of cholesterol (20 mole %X, 35°C), gramicidin A (5 mole

%, 35°C) and degipramine (20 mole %, 31°C}; all in excess water.

tion and thus two pairs of 2H satellites could be observed from
this position_fox: DMPC, and DPPC. In addition, as a consequence
of this hindered configuration, the residual quadrupole splitting
exhibited by these deuterons would be primarily a reflection of
the molecular motion present at the glycercl backbone, €.9..
overall molecular rotation. In contrast the 1-2' position could
enjoy greater motional freedom since it is not sterically hin—
dered and thus internal as well as overall molecular motion would
determine AvQ of the 1-2* lines, Assuming this to be the case,
then 1f overall molecular rotation slowed at xCHOL < 0.33 one
might expect the 2-2' lines to disappear before tha 1-2' lines.
The disappearance of the 1 chain line at xcm = 0.2 would then
reflect a retardation of internal molecular motion of the chains.,

¢
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Fig, 4. Neutron diffraction data for oriented bilayers of
specifically deuterated DMFCs in the pressnce of 30 mole %
cholesterol, 23°.

We have determined the quadrupole splitting (or order para-
meter) versus position of deuterium label in a series of synthe-
tic high purity dimyristoyl phosphatidyl cholines, in the pre-
sence of 30 mole % cholesterol, as shown in Figure 3. Qur re-
sults complement those obtained previcusly using perdeuterxated
phospholipid {4), but indicate a maximwm ordering several car-
bons along the chain, rather than immediately adjacent the polar
region, The simple-minded interpretation, that this profile
arises from a "condensing™ effect caused by the rigid steroid
nucleus (with little contribution from the c8 side chain}, is to
some extent shaken by our observation (see below) that a very




STRUCTURAL DYNAMICS OF MEMBRANES

Quodrupoie  coupling constont (kH2)

1 L L]

1%

Carbon position lobetled wilh deuterium

Fig. 5., Ordering profile for DMPC 1in the presence and ab—
sence of UOz(NOS) P In excess water at 58°. '

similar profile may be generated by heavy metal (Uoz'H., as the
nitrate) binding to the polar headgroup, In both cases the
number of gauche rotamers per chain decreases, but the causes
are clearly different—and could not be immediately derived from
inspection of the order parameter profile,

An alternative approach to elucidating the organization of
lecithin bilayers containing, for example, cholestercl, in-
volves the use of meutron diffraction. Utilization of the large
differences between the coherent scattering amplitudes of hy-
drogen and deuterium has already been used to determina the pos~
ition of cholesterol in an egg lecithin bilayer (16}, We have
now obtained results on DMPC-cholaesterel bilavers containing
specifically deuterium-labelled lecithing, as shown in Figure 4,

6/
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vhich will now permit very accurate measurement of the positions
of individual methylene groups in the bilayer.
Heavy Metal and Drug Interactions. The tricyclie antide-

pressant desipranine, and a variety of metal ions, are thought to
bind primarilly to the polar region of phospholipid bilayer
merbranes {17,18)}. Using 23—NHR, we have foqnd that desipramine
causes a 12® depression in gel to liquid c'x:ystal.phase trans~
ition temperature of DMPC when incorporated into the bilayer at
the 10 wt & level, This effect is reflected in the bilayer
ordering profile above Tc' Figure 3, Uranyl nitrate however,
causes a dramatic increase in 'I.‘c and in bilayer order, as shown

in Figure 5. The U0 ' '-DMPC profile is very similar to the chol~

asterol (or gramicidin)-m!.?c profile, sven though there is no
similarity in the structure or location of these species, These
results indicate to us the need for caition in interpreting
ordering profile data in terms of specific molecular interactions.
At present it appears that NMR, neutron diffraction, calori-
metric, and statistical mechanical approaches will have to be
brought together in order to give a complete description of

‘model membrane organization.

Bilological Membranes, We have recently incorporated cho-

line completely deuterated in the methyl groups into two mam-
malian systems (19}, The first was the chemically transformed
mouse fibroblast LM cell line, grown in suspension culture, The
second system consisted of mitochondria from Sprague-Dawley rats
which were fed upon a choline-deficient diet enriched with deu-
terated choline chloride, Two classes of deuterium nuclear mag-
netic resonance signal were obtained from each system. The
first class of signal exhibited no residual quadrupole coupling
constant and was assigned to the natural abundance of 2l-! in
water, together with free labeled choline. The second class of
signal had a residual quadrupole coupling of about 1 KHz and was
assigned to 2H—1abe11ed choline headgroups of phospholipids,
These results are in conflict with a previous study of deuterated

S
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rat liver mitochondrial membranes (20). In addition, we have
noted slight but reproducible diffarences in the magnitude of
the quadrupole coupling of the deuteriomethyl groups in intact
call membranes and in isolated lipids, It appears that isolated
lipids are consistently more ordered than the intact membrane
lipids., Further studies are underway in order to clarlfy this
point, ‘ ' : '

In temperature yuns on both whole cells, mitochondrial mem—
branes, and microsomal membranes, wa have not yet seen evidence
of thermal phase transitions (lateral phase separations) above
0°C, Below 0°C, we note that the 2H-NHR signals rapidly broaden
between about ~10* and ~20* C: this may correspond to an order—-
ing of the lipids into the gel phase at this temperature,
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