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SUMMARY

The purple membrane from Halobacterium cutirubrum and
aqueous dispersions of its principal phospholipid, phosphatidyl-
glycerophosphate, were studied by ®'P NMR at 121.5 MHz. The
spectra manifest separate powder patterns for the mono- and di-
esterified phosphate groups, the latter having the larger
chemical shift anisotropy. Spectral simulation was used to
derive accurate values of the chemical shift anisotropy. Con-
trary to some earlier reports, there is no evidence for a lipid
phase transition in the membrane or the isolated lipids over
the range 5 to 60°C; at all temperatures the 1ipid is in a bi-
layer arrangement. Combination with protein and neutral lipids
in the purple membrane leads to reduced amplitude and rate of
motion of the phosphate moieties of the major phospholipid.

INTRODUCTION

The purple membrane of the halophilic bacteria H.
halobium and H. cutirubrum is presently the subject of intense
interest due to its unique photoactivated proton pumping func-
tion and to its relatively simple chemical composition (1,2).
Only one protein, bacteriorhodopsin, and one type of 1ipid
alkyl chain, glycerol ether-linked phytanyl groups, are present,
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although there are several Tipid head group classes represented
(3). There are conflicting reports in the Tliterature with
respect to a phase transition of the membrane 1ipids over the
temperature range 5 to 60°C (4-9). MWe have therefore sought to
resolve this question using *'P NMR of the intact membrane and
of the isolated major phospholipid, phosphatidylglycerophosphate.
The spectra are of a novel complex type. The absence of a dis-
continuity in their temperature dependence demonstrates the lack
of a Tipid phase transition. The spectral lineshapes indicate a
reduction of 1lipid mobility on incorporation into the membrane,
and a bilayer state of the 1lipids under all conditions.

MATERTALS AND METHODS

Purple membrane (PM), and the phosphatidylglycerophos-
phate (PGP) therefrom, were prepared as described previously
{(10,11). PGP was studied in excess water after dispersing 50 mg
in 1.5 m1 water by vortex mixing. *!P NMR spectra were obtained
from slurries of centrifuged membranes on a Bruker CXP-300
spectrometer at 121.5 MHz, using a solenoid detection coil and
high power 'H decoupling. The decoupler was cycled to avoid
sample heating. Computer simuiations of the powder spectra were
made according to the formulation of Seelig (12), with a variable
angular-dependent linewidth. Calorimetry was performed on a high
sensitivity Microcal MC-1 instrument on aqueous membrane disper-
sions of 5 mg/ml.

RESULTS AND DISCUSSION

The 121.5 MHz *'P NMR spectrum of the purple membrane
at 15°C is shown in the upper trace of Figure 1. It has a
peculiar shape, and at low signal-to-noise ratio could be in-
correctly attributed to the presence of lipid in a hexagonal
phase. However, since the major phospholipid is PGP (85% of
total phospholipid, ref. 3) which contains a phosphate mono-
ester as well as a diester, the shape could be due to contribu-
tions with different effective chemical shift anisotropies (CSA)
from the two types of phosphate moiety in a bilayer arrangement.
This is more clearly seen in the spectra of dispersions of PGP,
Figure 2. This interpretation is substantiated by simulations
of the spectra, lower traces of Figure 1, in which good agreement
is obtained using CSA values of -18.5 ppm and -61 ppm for the
mono- and diester species, respectively, in a bilayer arrangement.
Attribution of CSA values of -40 to -60 ppm to the phosphodiester
moiety is consistent with the values found for other such systems
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Figure 1. (Upper) 3*!P NMR spectrum (121.5 MHz} of the purple
membrane from Halobacterium cutirubrum obtained with
high power H decoupling, at 15°C; spectral width
125 kHz, acquisition time 6 ms, recycle time 1 s,
pulse width 45°, decoupler on 4 us before acquisition
and during acquisition but off during remainder of
cycle, Fourier transform of 16 K data points after
zero filling. Chemical shifts are expressed with
respect to that of 70% phosphoric acid in a sealed
capillary.

(Lower) Computer simulation of the above in terms of
two axially-symmetric powder patterns characterized
by effective chemical shift anisotropies of -61 and
-18.5 ppm; the angular-independent and -dependent
linewidths were 300 and 200 Hz, and 350 and 250 Hz,
for the phosphomonoester and phosphodiester, res-
pectively. The broken curves are the powder patterns
for the two types of phosphate ester present.

(12). The simulations also provide a more accurate measure of
the effective CSA, which is difficult to obtain directly from
the spectra. The temperature dependence of the PGP spectra is
shown in Figure 2, and those of the derived CSA for PGP and the
PM in Figure 3.

The shapes of the spectra for PGP and PM at all tem-
peratures investigated are consistent with a lamellar arrange-
ment of the lipids, and the CSA values are those expected for a
liquid-crystalline state of the lipids (12). The temperature
dependence of the CSA values for both PGP and the PM shows no
evidence of discontinuities, Figure 3, arguing against the
occurrence of a 1ipid phase transition over the range 5-60°C.
The high sensitivity differential scanning calorimetry scans for
both PGP and the PM over the range 5 to 70°C also show no evi-
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Figure 2. *'P NMR spectra of phosphatidylglycerophosphate, iso~

lated from the purple membrane, dispersed in excess
water, at the indicated temperatures; spectral width
50 kHz, acquisition time 4 ms, recycle time 0.5 s,
pulse width 45°, with continuous 'H broad band de-

coupling, Fourier transform of 16 K data points after
zero-filling.

dence for a lipid phase transition, in agreement with the earlier
studies of Chen et al. (4) and Jackson and Sturtevant (7,8), but
in disagreement with the conclusions of Degani et al. (9).

The effective CSA values for the PM are significantly
larger than those for dispersions of PGP, the differences being
of lesser magnitude for the phosphomoncester than for the
diester. This indicates a smaller ampliture of motional averag-
ing for the phosphate moieties in the presence of membrane pro-
tein and neutral 1ipids. In addition, the greater linewidths in
the PM suggest slower motion.

The smaller effective CSA values for the phosphomono-
ester relative to those of the phosphodiester moiety in both PGP
and the PM could arise from two sources. Firstly, the CSA ten-
sors for phosphomonoesters have a lesser anisotropy in the rigid
Timit (12). Secondly, as the monoester is Tocated at the peri-
phery of the headgroup region of PGP, a greater amplitude of
motional averaging might be expected. Further insight into the
relative contributions of these two sources can be gained by con-
sideration of the CSA reported for dipalmitoyl phosphatidylcholine
(-47 ppm) and the order parameters for the phosphate moiety
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Figure 3. Temperature dependence of the effective 3!P chemical
shift anisotropies (A8) for the phosphodiester (upper
data) and phosphomonoester (lower data) moieties in
the purple membrane (solid circles) and phosphatidyl-
glycerophosphate (open circles) in excess water. The
anisotropies were taken from computer simulations of
the spectra. The bars on the right sides of the

curves are estimates of the precision of the measure-
ments.

derived from the CSA and from the order parameters for other
regions of the head group obtained by 2H NMR (13). The similar-
ity of the CSA for the phosphodiester moiety of PGP and the PM
to that above suggests that a similar ordering tensor applies
(S11, = 0.12, S35 = -0.5). If this were to apply also to the
phosphomonoester, a CSA of -18 to -20 ppm would be expected.

The observed value of -17 ppm agrees well with this, implying
that the different effective CSA observed for the two phosphate
moieties is mainly due to the smaller intrinsic CSA of the phos-
phomonoester. Confirmation of this could be made by studies of
specifically-deuterated PGP.

CONCLUSION

The present *'P NMR and calorimetry data show no evi-
dence for a lipid chain phase transition in either PGP or the
PM. The greater CSA values and linewidths in the 3'P NMR
Spectra of the PM suggest a lesser amplitude and slower rate
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of motion due to interaction of PGP with bacteriorhodopsin and
the neutral lipids of the PM. Under all conditions used here
the Tipids are in a bilayer arrangement.
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