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1. Introduction

A major aim of biological membrane research is to
understand the relationship between membrane struc-
ture and function at the molecular level. The presently
accepted fluid mosaic model [1] indicates that the
membrane is basically an anisotropic fluid composed
of a lipid bilayer in which proteins are embedded. At
the molecular level it is necessary to describe both the
average conformation of the molecules and their
molecular dynamics, There is both translation and
rotation of the lipid and protein molecules within the
bilayer structure. For the lipids in particular, there
are many internal degrees of freedom.

Of the many techniques [2] being used to probe
the molecular environment within membranes, riuclear
magnetic resonance (NMR) [3,4] has proven to be
one of the most useful methods for investigating the
dynamical state of the membrane. Work has con-
centrated on describing the dynamical behaviour of
the lipid molecules and the interaction of these
molecules with other membrane components such as
various proteins [5,6] and cholesterol [7,8]. To do
this, it is essential to probe various positions in the
lipid molecules. Because of the overabundance of
hydrogen atoms, proton NMR spectra have been
difficult to interpret [9,10] and give little information
about the motion of a single segment of the lipid
molecule. *'P NMR [11] has been successfully used
to probe the head group region of phospholipids.
Selective incorporation of ?H [12], 3C [13] and
F [14] into lipid molecules has been the most
fruitful method of probing the molecular dynamics.
However, considerable time and expertise are necessary
for the synthesis of the labelled molecules required
for a complete investigation of the lipid dynamics.
The use of naturally abundant NMR probes is there-
fore advantageous whenever possible, One naturally
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abundant probe which has not been used to date is
14N, N, like 2H, has nuclear spin / = 1 and in an
anisotropic fluid is expected to exhibit a quadrupolar
split spectrum. The quadrupolar coupling constant
for N is generally an order of magnitude larger [15]
than for *H. The spectra are therefore expected to
cover a wider frequency range. As is the case for 2H
the magnitude of the quadrupolar splitting is a direct
measure of the order parameter for the symmetry axis
of the electric field gradient tensor.

Nitrogen has the potential of being a very nseful
probe because it is found in natural abundance
(99.4%) in a wide variety of phospholipids, particutarly
among the nitrogenous-base containing glycero-
phosphatides such as phosphatidylcholine and among
the sphingosyl phosphatides such as sphingomyelin.

Here we report the first observation of quadrupolar
split nitrogen spectra for a model membrane system
consisting of an aqueous dispersion of dipalmitoyl
phosphatidylcholine (DPPC). We have obtained spectra
over 3—65°C. The observed quadrupolar splittings in
both the liquid crystal and gel phases are of the order
of 10 kHz, indicating a very small order parameter for
the choline headgroup. The behaviour of the order
parameter as a function of temperature agrees qua-
litatively with that observed [16] using deuterium
NMR.

2. Materials and methods

DPPC was purchased from Sigma Chem. Co.
(St Louis, MO) and was used without further purifica-
tion. A muitilayer dispersion of DPPC in excess water
(> 40% H,0) was prepared by mixing 0.25 g lipid
with the required amount of water. This mixture was
sealed in a 10 mm o.d. glass ampule under 0.5 atm.
N,, and left overnight to form a homogeneous mix-
ture,
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The !N spectra were obtained at a frequency of
19.438 MHz using a homebuilt spectrometer [17]
and a Bruker superconducting solenoid (6.3 Tesla).
Digitization and Fourier transformation of the nuclear
signal were carried out using a Nicolet 1090 AR digital
oscilloscope interfaced to a Digital PDP-8/A mini-
computer,

In order not to lose the initial part of the free
induction decay, and to minimize the effects of mag-

" netic—acoustic ringing, a modified form of the qua-
drupole echo technique [18] was used. Changing the
phase of the first 90° pulse by 180° on successive
repetitions of the basic 90;47'“90; quadrupole echo
sequence, and then alternately adding and subtracting
the nuclear signal when signal averaging, permitted
the accumulation of the echo signal while averaging
out any coherent ringing present, The 90° pulses were
15 us in duration, and the recycle time was 0.17 s.
The quadrupolar echo signal was digitized at a rate of
once every 5 us, corresponding to a spectral width of
200 kHz.

The sample was enclosed in a copper oven in the
NMR probe. The oven temperature was electronically
regulated to within * 0.5°C and the temperature
gradient across the sample was estimated to be
<0.25°C.

3. Results and discussion

Several '*N spectra taken at different temperatures
are shown in fig.1. The width of the rf pulses was
15 wps and the maximum speciral width is ~32 kHz.
As a result, there will be a small amount of spectral
distortion which arises from a non-uniform distribu-
tion of rf power across the spectrum and because
finite-width pulses were used in the formation [19] of
the quadrupolar echo. All of the spectra show a single
powder pattern [3] arising from the nuclear Zeeman
interaction perturbed in first order by an axially
symmetric nuclear quadrupole interaction. The
frequency separation between the two peaks in the
spectrum is given by [3]:

3 e2qQ 1
Av= 7 — (SZZ+ 37 [Sxx—-Syy]) (D

where e2g Q/h is the nitrogen quadrupole coupling
constant and 7 is the asymmetry parameter. The
order parameters:
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Fig.1. NMR spectra of '*N in the choline headgroup of DPPC.
The spectra were obtained using a modified quadrupole echo
sequence with a repetition rate of 0.17 s. The spacing

between the pulses, 7, was 280 us for all of the spectra dis-
plaved except for that at 3°C where 7 was 210 us. To enhance
the signal to noise ratio, 131 k scans were averaged except for the
spectrum at 30°C, where 262 k scans were used. All the
spectra have a 150 Hz line broadening due to exponential
multiplication of the echo signal prior to Fourier transforma-
tion.

Sy = (;—) (3Cos26i - 1) i=x,y,z

are a time average (indicated by the bar) of the
angular fluctuations of the fth coordinate axis fixed
in the molecular frame with respect to the bilayer
normal, The electric field gradient at the nitrogen
nucleus arises from the surrounding electronic and
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Fig.2. The "*N quadrupolar splitting as a function of tem-
perature for DPPC bilayers. Below 30°C, the splittings are
known to + 0.3 kHz and at 30°C or above they are known to
+ 0.1 kHz. The dashed line marks the phase transition which
occurs at 41°C for fully hydrated DPPC bilayers.

nuclear charge distribution. In the case of DPPC the
major contribution will come from within the
C—-N(CH3); group. Since this group possesses a C4
symmetry axis, the asymmetry parameter 1is expected
to be negligible. The quadrupolar splitting is therefore
given by:

Av= % (e2qQ/h) Sepn @)

The quadrupolar splitting as a function of tem-
perature is shown in fig.2. Results are for both the gel
and liquid crystal phases. At the present time it is not
possible to obtain accurate values of S _y from the

measured values of Av because eqQ/h is unknown for
the nitrogen nucleus in a choline group. Gally et al. [16]
have deduced a value for Sc__ from their measure-

ments of the deuteron quadrupolar splitting from a
sample of DPPC containing N—(CH;),CD3; moieties.
Using the bond angles proposed [20] they showd that
the order parameter S-_p, obtained directly from the
deuteron NMR results could be related to Scﬁ—N by

the relation:
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lSCﬁ-‘N! = IO.SlSC_AD, (3)

provided the C—N~C and N—C-D bond angles are
fixed. Rotation of the choline group about the C—N
axis and methyl group reorientation is allowed.
Because of eq. (3), the *N quadrupolar splitting and
2H splittings should be proportional to each other. A
comparison of the twosets of results shows that the
temperature dependence is the same but the discon-
tinuity at the phase transition is smaller for the N
results. From the analysis in [16] it was deduced that
SC5—N lies in the range 0.07-0.17 over 15—80°C.

Using the value for ch_N at 44°C and the corre-

sponding nitrogen splitting at the same temperature,
we would predict, using eq. (4), a value of 135 kHz
for the quadrupolar coupling constant:

e’q Q 4 Duyeny,

- =135 kHz ()
B3 SN

This coupling constant is an order of magnitude
smaller than that commonly observed for nitrogen in
other compounds [15]. A value as small as 135 kHz
could, however, arise [21] because of the nearly
tetrahedral symmetry of the 4 nearest neighbouring
carbon atoms surrounding the nitrogen nucleus.

The peaks in the spectra obtained below the phase
transition are much broader and more poorly defined
as compared to those in the liquid crystal phase. The
broadening of the peaks increases as the temperature
decreases. The spin-—spin relaxation time 7, was
measured to be 510 us in the gel phase (at 30°C) and
1560 s in the liquid crystal phase (at 65°C). In the
liquid crystal phase the observed spectrum could be
reasonably well simulated using the expression for a
quadrupolar powder pattern with Lorentzian broaden-
ing corresponding to the observed 7. In the gel
phase the observed broadening of the peak is far
greater than what would be deduced from the
measured 73 value, A possible explanation is that
slow anisotropic rotational diffusion [22] occurs in
the gel phase giving rise to the observed lineshape.

4. Conclusions

We have demonstrated the feasibility of obtaining
good quality wide-line *N spectra from unsonicated
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lipid bilayers. The **N spectra which have been
obtained for the widely occurring phospholipid DPPC
indicate that under favourable circumstances, where
there is rapid large angle reorientation of the moiety
containing the *N nucleus, the forbidingly large
width of the N resonance [15] in the solid state
need not impede spectroscopy in the anisotropic fluid
environment of lipid bilayers. We are presently
extending N spectroscopy to other nitrogenous
lipids such as sphingomyelin and phosphatidyl-
ethanolamine. By serving as a complementary probe
to 1P and *H, N NMR should make a useful con-
tribution to the determination of headgroup confor-
mation and dynamics in both model and biological
membranes.

Acknowledgement

This research was partially supported by the
Natural Science and Engineering Research Council
of Canada.

References

{11 Singer, S. J. and Nicolson, G. L. (1972) Science 175,
720-731.

{2] Andersen, H. C. (1978) Ann. Rev. Biochem. 47,
359-383.

[3] Seelig, J. (1977) Q. Rev. Biophys. 10, 353—418.

[4] Mantsch, H. H., Saito, H. and Smith, [. C. P. (1977)
Prog. Nucl. Magn. Reson. Spectrose. 11, 211-271.

82

FEBS LETTERS

March 1980

[5] Seelig, A. and Seelig, J. (1978) Hoppe-Seyler’s Z.
Physiol. Chem. 359, 1747-1756.

[6] Kang, S. Y., Gutowsky, H. S., Hsung, J. C., Jacebs, R.,
King, T.E., Rice, D.and Oldfield, E. (1979) Biochemistry
18, 3257-3267.

[71 Stockton, G. W. and Smith, I. C. P. (1976) Chem. Phys.
Lip. 17,251-263.

[8] Oldfield, E., Meadows, M., Rice, D. and Jacobs, R.
(1978) Biochemistry 17, 2727-2740.

[9] Wennerstrém, H. and Lindblom, G. (1977) Q. Rev.
Biophys. 10, 67-96.

[10] Bloom, M., Burnell, E. E., MacKay, A. L., Nichol, C. P,
Valic, M. 1. and Weeks, G. (1978) Biochemistry 17,
5750-5762.

[11] Griffin, R. G., Powers, L. and Pershan, P. §. (1978)
Biochemistry 17, 27182722,

[12] Stockton, G. W., Johnson, K. G., Butler, K. W,
Tulloch, A. P., Boulanger, Y., Smith, I. C. P., Davis,
J.H. and Bloom, M. (1977) Nature 269, 267-268.

[13] Lee, A. G., Birdsall, N, J. M. and Metcalfe, I. C. (1974)
in: Methods in Membrane Biology (Korn, E, D. ed)
vol. 2, pp. 1156, Plenum, New York.

[14] Gent, M. P. N. and Ho, C. (1978) Biochemistry 17,
3023-3038.

[15] Lehn, J. M. and Kintzinger, J. P. (1973) in: Nitrogen
NMR (Witanowski, M. and Webb, G, A. eds) pp. 79161,
Plenum, New York.

[16] Gally, H. U., Niederberger, W. and Seelig, J. (1975}
Biochemistry 14, 3647-3652.

[17] Jeffrey, K. R. (1980) J. Magn. Reson. in press.

[18] Davis, J. H., Jeffrey, K. R., Bloom, M., Valic, M. L. and
Higgs, T. P. (1976) Chem. Phys. Lett. 42, 390-394.

{19] Davis, I. H. (1979) Biophys. J. 27, 339-358.

[20] Sundaralingam, M. (1972) Ann. NY Acad. Sci. 195,
324355,

[21] Henriksson, U., Odberg, L., Eriksson, J. C. and
Westman, L. (1977) J. Phys. Chem, 81, 76-82.

[22] Campbell, R, F., Meirovitch, E. and Freed, J. (1979)

J. Phys. Chem. 83, 525-533.



