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Purified lipopolysaccharide preparations from Escherichia coli K12 were studied by 'H—>'P nuclear
magnetic double resonance methods (cross-polarization and dipolar decoupling). At each of the temperatures
studied (24, 37 and 46°C), the overall rotational mobility of a sizeable fraction of the phosphorus nuclei was
restricted on the time scale of the NMR measurements, approx. 10 "4 s. The fraction of motionally restricted
material, as well as the extent of restriction, decreased with increasing temperature. These studies provide
the first numerical estimate of the percentage of lipopolysaccharide that is motionally restricted at a given

temperature.

The outer membrane of Gram-negative bacteria
has a unique lipid composition in which the lipid
in the outer leaflet of the membrane consists al-
most exclusively of lipopolysaccharide (LPS), and
the inner leaflet of phosphotidylethanolamine. The
unusual physiological properties of this membrane
have prompted measurements of its transition
temperature, mobility, and fluidity, and compari-
sons with the inner membrane. Early X-ray and
fluorescence data suggested that the transition
temperatures of the two membranes were the same,
but that only 25-40% of the phospholipids par-
ticipated in the transition for the outer membrane
as opposed to 60-80% for the inner membrane
(and for most other biological membranes) [1].
ESR studies by Rottem and Leive (2] showed a
decreased mobility of lipid in the outer, as op-
posed to the inner, membrane. In contrast, Nikaido
et al. {3] found no difference in ESR spectra
between inner and outer membranes and pos-

Abbreviations: LPS, lipopolysaccharide.

tulated no difference in mobility of the lipid avaii-
able to spin-labeled probe; however, later work of
Davis et al. [4] and Nichol et al. [5], using de-
uterium NMR, indicated that the acyl chains in
the fluid phase of the outer membrane are less
mobile than those of the inner membrane, provid-
ing support for the conclusion of Rottem and
Leive [2]. Nichol et al. [S] also found a 7°C dif-
ference in transition range for the two membranes.

To understand the effects of LPS, protein and
phosphatidylethanolamine on the behavior of the
outer membrane, it is desirable to study the mobil-
ity of these moieties alone and in combination.
The mobility of LPS molecules, which contain
several chemically distinct phosphorus atoms, can
be estimated with 3'P-NMR, in which line broad-
ening is related to restricted mobility [6,7]. In the
most complete study of this sort, Van Alphen et al.
{7] compared the mobility of normal LPS with
LPS after some of the counter-ions were removed
by electrodialysis and others substituted. Some-
what greater mobility was observed for the LPS
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subsituted primarily by Na™ and less for LPS
substituted primarily by Ca?*. Unfortunately,
these studies were not able to provide estimates {or
limits) of the reorientation correlation times or
define what fraction of the molecules was motion-
ally restricted.

In this current work, we have measured the
MP.NMR spectrum of E. coli LPS dispersions
using high-power decoupling and cross-polariza-
tion methods [8] to define further the motional
characteristics of the LPS molecules.

E. coli PL2 (from Kl12: HfrH; galE28 thi-1
relAl) was grown at 37°C in a fermentor in LB
broth [9] in the presence of 0.25% each of glucose
and galactose to approx. 5-10% cells per ml,
harvested, washed with distilled water, and
lyophilized. LPS was prepared by the method of
Galanos et al. (10]. Prior to use, approximately 7
mg LPS was rehydrated by sonicating in an Ultra-
met water bath sonic cleaner (Buehler, Ltd., Evan-
ston, IL) for approx. 15 min in approx. 0.6 ml
deionized water. *’P-NMR spectra were recorded
on a home-built spectrometer using described pro-
cedures {11,12]. The unique phosphorus spectral
parameters are provided in the figure legends.

Non-decoupled (ND), 'H dipolar-decoupled
(DD), and cross-polarization (CP) spectra of
sonicated samples of LPS from E. coli PL2 were
recorded at 24, 37 and 46°C, as well as their
difference spectra, are shown in Fig. 1. Compari-
son of these spectra revealed the following:

First, at each of the temperatures studied. the
integrated absorption intesity of the dipolar-de-
coupled spectrum was greater than that of the
non-decoupled spectrum. The difference between
the two spectra (DD — ND) was greater the lower
the temperature.

Second, as the temperature was increased, the
3P.NMR signals in both the non-decoupled and
dipolar-decoupled spectra sharpened. The CP
spectra (Fig.2) showed a similar resonance nar-
rowing with increasing temperature; additionally.
the integrated absorption intensity of the spectra
above 20°C was considerably less than that at
—40°C.

These spectra permit several new conclusions
regarding the mobility of aqueous dispersions of
LPS. Previous studies on LPS (for example, Refs.
6 and 7) were done under the usual, low-power

decoupling conditions, in which dipolar interac-
tions broaden the *'P signal sufficiently that a
portion of it is lost in the baseline noise and thus
not detected. High-power 'H decoupling removes
the effects of the dipolar interaction, and the lost
signal is recovered. The difference in integrated
absorption intensity (DD — ND) is therefore a
measure of the fraction of phosphorus atoms in
the LPS sample that is motionally restricted. For
the E. coli LPS sample at 24°C, using the just-
mentioned definition for restriction. approx. 34%
of the phosphates are restricted in their motion,
while at 37 and 47°C approx. 22 and 18%. respec-
tively, of the phosphates are restricted. Motional
restriction refers to the time scale of the 'H-'H
dipolar interaction, approx. 2.1-10* Hz [8]. With
increasing temperature, the phosphorus resonance
narrows, indicating that the degree of spatial re-
striction, as well as the amount of material that is
restricted, has decreased.

The CP-NMR technique detects only those
atoms whose motions are restricted on the time
scale of the relevant dipolar interaction. Since CP
spectra are obtained with samples of LPS, mo-
tional restriction is demonstrated. Moreover, since
the line width of the CP spectrum is governed by
the extent to which the chemical shift anisotropy
of the phosphate resonances (approx. 200 ppm
[13)) is averaged to zero by molecular motions, the
measured line width furnishes another, albeit simi-
lar, time scale for assaying motional rigidity.
Nearly the full chemical shift anisotropy is ob-
served at —40°C, while at 23 and 37°C less than
half this value is observed. Hence, at these latter
temperatures, large-amplitude motions, with fre-
quencies on the order of 10° Hz, are occurring.
Additionally, the line width of the CP spectrum at
37°C is less than that at 23°C, suggesting an
increased mobility at this latter temperature. The
integrated absorption intensity of the CP spectrum
at 37°C was approx. 50% that of the —40°C
spectrum, indicating that less of the LPS sample is
rigid at the higher temperature.

These results confirm the previous findings [6,7]
that the phosphorus groups of LPS are motionally
restricted at physiological temperatures and, more-
over, provide the first numerical estimates for the
extent and time scale of the restriction. However,
since phosphorus appears at several positions on
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Fig. 1. (Left) 'P-NMR spectra (25 MHz) of sonicated samples of LPS (7 mg) in deionized water (0.6 ml) obtained under
non-decoupling (ND) and high-power, 'H-decoupling (DD) conditions at 24°C and 37°C. Spectra were collected using a 90° — ¢ pulse
cycle, 1 =2s; 32768 transients were accumulated. Other spectral parameters include: 40 kHz spectral window, 2048 data points
(0.025 s acquisition time). Prior to Fourier transformation, the spectra were zero-filled and then exponentially muitiplied so as to
result in an additional 25 Hz broadening in the frequency domain spectrum.

Fig. 2. (Right) Proton-enhanced >'P-NMR specira (25 MHz) of LPS samples at different temperatures. At 23 and 37°C, 32768
transients were accumulated, while at —40°C, 16384 transients were accumulated; the spectra in the figure were normalized to
account for this difference in the number of acquisitions. Spectral parameters include: 1 ms Hartmann-Hahn matching time, 2.0 s
pulse repetition time, 40 kHz spectral window, 2048 data points (0.025 s acquisition time). Spectra were acquired using high-power 'H
decoupling. Prior to Fourier transformation, the spectra were zero-filled and then exponentially multiplied so as to result in an
additional 50 Hz line broadening in the frequency domain spectrum.
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