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3C Fourier Transform Nuclear Magnetic Resonance 
Studies of Fractionated Candida utilis Membranes? 

Robert E. London,* Victor H.  Kollman, and Nicholas A. Matwiyoff 

ABSTRACT: I3C Fourier transform nuclear magnetic reso- 
nance has been used to study the lipid structure and dynam- 
ics of fractionated Candida utilis cell membranes. Mea- 
surements of the spin-lattice relaxation times indicate the 
existence of mobility gradients in the direction of increased 
mobility from the glycerol backbone toward the terminal 
methyl group of the fatty acid and toward the choline meth- 
yls. The temperature dependence of the relaxation times 
gives activation energies of -4-6 kcal/mol for the rotations 
about the various carbon-carbon bonds which determine 
the relaxation rates. I n  general, comparison with data 
which have been reported for artificial membrane systems 
indicates that the contributions of protein-lipid interactions 

c arbon-13 nuclear magnetic resonance (NMR) spec- 
troscopy has been recognized as a valuable tool for the 
study of both synthetic liposome membranes (Oldfield and 
Chapman, 1971; Levine et al., 1972a.b; Birdsall et al., 
1972; Williams et al., 19'73; Batchelor et al., 1972; Godici 
and Landsberger, 1974; Gent and Prestegard, 1974) and, in 
several cases. naturally occurring membrane systems (Met- 
calfe et al,,  1971, 1972; Metcalfe, 1972; Robinson et al., 
1972; Lee et al., 1973; Keough et al., 1973). Line width, 
spin-lattice relaxation time, and chemical shift data provide 
detailed information about the structure and dynamics of 
membrane lipids without introducing into the system under 
study a perturbation such as a spin-label (Seelig and Ni- 
ederberger, 1974). Recent investigations of naturally occur- 
ring membranes have. however, been somewhat less suc- 
cessful than studies of synthetic liposomes due to the low 
I3C concentrations and the complexity of the former. The 
technique of specific enrichment of growing cells with a I3C 
enriched membrane component has recently been exploited 
as one method for dealing with these problems (Metcalf et 
al,,  1972). I n  the present study, nonspecific enrichment of 
yeast (Candida ut i l i s )  cells by growth on 20 atom YO I3C 
doubly enriched acetate was used to obtain adequate signal 
to noise levels for the cell membrane spectra, the 20% en- 
richment level avoiding the complication of "C-'-'C multi- 
plets which become significant at  higher I3C levels (London 
ct al., 1975). A substantial simplification of the I3C N M R  
speclrum was then obtained by removing water-soluble con- 
stituents b!, a combination of freeze-thaw cycling and os- 
motic shock; the remaining sample consists of lipid-protein 
complex, as well as the peptidoglycan cell wall, the latter 
being phlsically separated from the former according to 
microscopic examination. The resulting cell wall-mem- 
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to the T I  gradient are of negligible importance in the yeast 
membrane system. A dynamical model for the motion about 
bonds near unsaturated bonds which determines the relaxa- 
tion of the unsaturated carbons is also proposed. Measure- 
ments of chemical shifts with temperature also exhibit a 
correlation with chain position. On the basis of these data a 
correlation of AE,  the energy difference between gauche 
and anti conformations for y carbons, with chain position is 
inferred. In addition, an estimate of 1.2 kcal/mol can be ob- 
tained for AE for carbons near the end of the fatty acid 
chain. This value indicates that intermolecular interactions 
contribute substantially to 1E since a value of -0.5 kcal/ 
mol can be ascribed to intramolecular interactions. 

brane system is amenable to NMR study, the resolution of 
the fatty acid resonances being superior to that of any pre- 
viously reported membrane I3C spectrum, synthetic or nat- 
ural. The separation techniques are also sufficiently gentle 
so that most of the proteins associated with the lipid are 
probably not denatured significantly, a conclusion which is 
supported by the N M R  spectrum. Studies of these systems 
are important, we believe, for determining how3 closely the 
synthetic or "model" membrane systems which have been 
extensively studied resemble the more "natural" systems in 
which protein-lipid interactions may be significant. The 
high resolution character of the I3C spectra of this system, 
for the fatty acid resonances particularly, has permitted 
precise measurements of the spin-lattice relaxation 
times, T I ,  and the chemical shifts as a function of tempera- 
ture. Based on these data, we conclude that this "fractionat- 
ed" natural system exhibits mobility gradients for the fatty 
acid chains similar to those determined in synthetic and 
natural liposome systems (Godici and Landsberger. 1974, 
and references therein). A chemical shift gradient has also 
been measured and if such shifts arise from a steric interac- 
tion between y carbons as postulated previously (Batchelor 
et al., 1972), the data reflect a gradient in 1E, the energ! 
difference between gauche and anti conformations, along 
the fatty acid chain. I n  addition, it is possible to estimate 
the effect of intermolecular lipid interactions on the magni- 
tude of 1E. 

Materials and Methods 
Yeast Growth. Agar slants of Candida utilis, strain 

CU-I ,  were obtained from Dr. James Mattoon, Department 
of Physiological Chemistry, The Johns Hopkins University 
School of Medicine. The cells were grown in a minimal me- 
dium described by Hernandez and Johnson (1967) with the 
trace element mixture of Button and Carver ( 1  966) added. 
The carbon source for the isotopically enriched cells was 
acetic acid prepared in this laboratory by V. Kerr via the 
catalytic reduction of [I3C]carbon monoxide or ["CC]car- 
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FIGURE I: Growth of C. urilis on natural abundance and "C enriched 
acetic acid as measured by absorbance at 550 nm. A 1-1. portion of the 
natural abundance yeast grown in a 14-1. fermentor (0) was used to in- 
oeulate -64 I .  of medium in the 250-1. fermentor (0). Moles of carbon- 
I 3  acetic acid consumed as a function of time is also shown (0 ) .  

bon dioxide to [13C]methanol followed by catalytic carbon- 
ylation with ['3C]carbon monoxide to acetic acid. The ace- 
tic acid was randomly enriched for these studies to the 20 
atom % level and its concentration in the growth medium 
was initially -20 mM. 

Figure 1 illustrates the results of a typical experiment in 
which a yeast inoculum was grown on natural abundance 
acetate in a 14.1. fermentor from which an aliquot was 
taken and transferred to a 250-1. fermentor containing 
about 65  I .  of medium. Growth was continued on carbon-I3 
enriched acetic acid for the time period shown, during 
which the acetic acid was added automatically to maintain 
the pH at 5.7. The cultures were aerobically grown a t  3 5 T  
using carbon dioxide free air until the labeled substrate was 
consumed: generally, this occurred when the culture density 
was about 3.5 g/l. 

The yeast were passed from the fermentor into a 200-1. 
harvest cart and the temperature of the cell suspension was 
very rapidly changed from 35 to 5'C. The cells were re- 
moved from the medium by centrifugation through a Sha- 
rples A-16 centrifuge, resuspended, washed with cold nor- 
mal saline and cold distilled water, then lyophylized, and 
stored in the freezer. Cells to be used fresh were washed in 
cold saline. C. urilis has been grown extensively (>2 kg dry 
cell wt) in this laboratory, using carbon-I3 acetic acid 
(20-90 atom %) (Eakin et al., 1972). N o  significant differ- 
ences in the growth rate between yeast grown on natural 
abundance acetic acid and enriched acetic acid were ob- 
served (Figure I )  (Edwardset al. 1970). 

Cell Preparation. Lyophilized yeast cells randomly en- 

FIGURE 2 Microscope pictures of yeast cells prior lo osmotic shock 
(a) and subsequent to osmotic shoek (b). Cells were stained with the 
lipid specific stain, Oil Red 0. 

riched to the 20 atom % level were suspended in distilled 
water and osmotically shocked by repeated freeze-thaw 
procedures. The osmotically shocked cells were removed 
from the supernate by centrifugation, and then were resus- 
pended in water and placed in an N M R  tube for spectral 
analysis. 

I3C NMR Measurements. Proton decoupled "C N M R  
Fourier transform spectra were obtained a t  25.2 M H z  using 
a Varian XL-100-15 spectrometer interfaced to a Data 
Genreal Supernova computer in the manner described pre- 
viously (Eakin et al., 1972). a capillary containing D 2 0  
being used for the lock. For most of the experiments re- 
ported, 4096 data points in the time domain were used. 
Spin-lattice relaxation (TI) measurements were based on 
the method of partially relaxed Fourier transform spectra 
(Vold et al., 1968). requiring a 180' - r - 90° T pulse se- 
quence, where T is four times the maximum T I  being mea- 
sured to allow >96% recovery of the equilibrium magneti- 
zation between pulse sequences. 

Results and Discussion 
Characterization of the Samples under Study. The lipid 

composition of a number of different strains of Candida ut-  
ilis has been investigated (Dawson and Craig, 1966: Babij 
et al., 1969; Matile et al., 1969; Hunter and Rose, 1969: 
Farrell and Rose, 1971; Johnson et al.. 1972). In general, it 
has been found that the bulk of the lipids present are local- 
ized in the cellular membranes, specifically the plasmalem- 
ma, internal endoplasmic reticulum, and the vacuolar, nu- 
clear, and mitochondrial membranes. However, the exis- 
tence of lipid vesicles has also been reported (Johnson et al., 
1972: Matile et  al., 1969). In particular, the size and fatty 
acid content of the vesicles, which probably contain primar- 
ily triglycerides, depend on the medium and on the growth 
phase of the organisms a t  the time of harvest. In the mini- 
mal acetate medium in which the cells were grown, and in 
the logarithmic growth phase (Figure I )  during which they 
were harvested, the amount of stored lipid present in non- 
membranous vesicles is probably minimal (Johnson et al., 
1972: Matile et al., 1969). 

Microscopic examination of normal yeast cells prior to 
osmotic shock (Figure 2a) reveals a number of small areas 
which are darkly stained with the lipid specific stain Oil 
Red 0, many of which appear to be localized near the cell 
wall interface. These areas are tentatively identified with 
lipid granules, Le., small membrane bound lipid vesicles 
(Matile et al.. 1969). In addition, most cells appear to con- 
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Table I: Spin-Lattice Relaxation Times for Fatty Acid Resonances 
of Yeast Cell Membranes. 

-~ 

T ,  (set) 
Chemical 

ShiftQ ___ - 

Peak ( m m )  Assignment 7°C 26°C 65°C 

I I 
' 730  ppm I300 1000 609 370 120 00 

FlGLRE 3: I3C FT N M R  spectrum of osmotically shocked C. utilis 
cells. The spectrum represents 3320 transients with 4096 data points in  
the time domain. Sample temperature was 26OC. A spectrum of C. ut i -  
lis cells prior to osmotic shock is given in Eakin et al. (1972). 

tain one larger vacuole with a significant lipid content. Os- 
motically shocked cells which were similarly stained with 
Oil Red 0 show the lipid material to be concentrated onto 
one large mass having an average diameter of about 1.4 wm 
(Figure 2b). Only a few undisturbed smaller vesicles a re  de- 
tectable. In addition, Figure 2b shows a significant number 
of cells to be ruptured and either totally or partially devoid 
of Oil Red 0 staining material. Similar results were ob- 
tained using a Sudan Black stain which has a high affinity 
for phospholipids (Pearse, 1968). The mean cell size for 
normal C. utilis cells is 4-5 wm (Figure 2a). Osmotic 
shocking results in the contraction of the Oil Red 0 stain- 
ing material into large masses, as well as the expansion of 
the cell wall to a diameter larger than observed for normal 
cells (Figure 2b). 

The major lipids of C. utilis include neutral lipids (most- 
ly  triglycerides and diglycerides), phosphatidylcholine, 
phosphatidylethanolamine, phosphatidylinositol, phosphati- 
dylserine, and cardiolipin (Johnson et al., 1972). Additional 
information about the fatty acid composition can be ob- 
tained from the I3C N M R  spectrum of the osmotically 
shocked "ghost" cells (Figure 3), a preliminary report of 
which has appeared recently (Eakin et al., 1972). The spec- 
trum is dominated by fatty acid residues of the lipids and 
the glucose and mannose residues of the carbohydrates in 
the cell wall peptidoglycans. The latter resonances occur in 
the 60- 105-ppm region of the spectrum (relative to external 
Me?Si), whereas the former occur in the regions 15-35 ppm 
for the saturated carbons, 128- 13 1 ppm for the unsaturated 
carbons, and a t  174.5 ppm for the carbonyl resonance. Cho- 
line and glycerol resonances can also be identified, although 
there is some overlap with the carbohydrate peaks. Com- 
parison of the yeast spectrum with the spectra obtained 
with sonicated egg yolk lecithin vesicles (Godici and Lands- 
berger, 1974; Batchelor et al., 1972) indicates that the cho- 
line resonance is significantly broadened in the former sys- 
tem, perhaps as a result of the interaction of the choline 
residues with protein or the polar head groups of the other 
phospholipids present. The integrated area of that reso- 
nance is substantial, corresponding to -t/4 the area of the 
terminal methyl groups of the fatty acid chains. If it is as- 
sumed that roughly similar proportions of all of the phos- 
pholipids listed above are present (Johnson et al., 1972), 
then only a relatively small fraction of the fatty acid reso- 
nances need be ascribed to neutral lipids, some of which 
may be in lipid vesicles. 

1 15.00 
2 23.70 
3 25.83 
4 26.56 
5 28.18 
6 30.37 
7 32.56 

8 33.04 
9 34.67 

10 128.77 
11 130.48 
12 55.38 

CH,CH, 
C H , W  
-CO,CH,CH- 
-CH=CHCH,CH=CEI- 
-CH=CHCH,CH, - 

-(a,), - 
CN,CH,CH, 

(hno1eic)b 
CH,CH,CH. 
-CO,CH,- 
-CH=CHCII,C'H=CH- 
-CH=CHCH,CH,- 
ChobneCH, 

1.02 1.70 4.25 
0.35 0.65 2.34 
0 . l l c  0.25C 0.51" 
0.16 0.39 1.05 
0.13 0.41 i).90 
0.15 0.30 0.51 
0.35 0.62 1.63 

0 2 9  0 5 1  1.45 
0.05" 0.11" 0.30 
0.31 0.59 1.25 
0.26 0.41 1.48 
0.19 0.46 1.05 

QChemical shifts relative to  external Me,%. bC(16) of linoleic 
acid, assignment based on  Hamilton et al. (1973). CShort time 
constant of a nonevponential decay after graphical separation into 
two exponentials. 

The assignments of the I3C resonances of the fatty acids 
summarized in Table I are based on those reported for simi- 
lar fatty acid derivatives (Stoffel et al., 1972; Hamilton et 
ai., 1973; Dorman et al., 1971). The excellent resolution ev- 
ident in the spectrum reproduced in Figure 3 is consistent 
with the relatively high fluidity characteristic of the fatty 
acid residues in membranes rich in polyunsaturates, the 
presence of the latter confirmed by the peaks a t  128.8 ppm 
corresponding to two unsaturated carbons located p to each 
other, the peak a t  26.6 ppm corresponding to saturated car- 
bons a to two unsaturated carbons, and by the peak at  32.6 
ppm corresponding to the C- I6 of linoleic acid (Hamilton et 
al., 1973). Based on the relative heights of the two C-16 
peaks, ca. half of the lipid is linoleic acid. The degree of un- 
saturation appears to be similar to other strains of C. utilis. 
For example, Farrell and Rose (1971) reported that C. uti- 
lis strain N C Y C  grown a t  3OoC, pH 4.5 on a glucose medi- 
um exhibits a lipid composition consisting primarily of pal- 
mitic (16%), oleic (28.2%), linoleic (30.2%), and linolenic 
( 1  7.8%) acids. Nevertheless, the lipid composition is strohg- 
ly  dependent on growth conditions and, in some systems, 
has been found to be considerably more saturated (Dawson 
and Craig, 1966). 

The osmotically shocked preparation contains significant 
amounts of protein, indicated, for example, by the promi- 
nent narrow resonance a t  40.0 ppm which corresponds to 
the c carbons of lysine and by the broad resonances in the 
-1 75-ppni region which correspond to amide carbonyl car- 
bons (Stothers, 1972). Since the osmotic shock and freeze- 
thaw procedures are relatively mild, the proteins associated 
with the membrane may not be appreciably denatured. The 
absence of any additional sharp amino acid resonances 
characteristic of denatured protein is consistent with this 
conclusion. 

The simple fractionation procedure which was used to 
obtain a high resolution spectrum of the lipids in the yeast 
membranes is not universally applicable. In particular, 
whole cells of the blue green alga Anacystis nidulans grown 
on a 20% I3C enriched medium (details to be published 
elsewhere) yield a much more poorly resolved I3C N M R  
spectrum (Figure 4A). The freeze-thaw and osmotic shock 
procedures applied to the yeast system, as well as sorlication 
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F I G U R E  4: 13C FT N M R  spectra of whole Anacysris nidulans cells 
(A) and of the same cells after repeated osmotic shock treatments and 
6 min of sonication (B). Sample temperature was 23°C. Spectrum A 
represents 43729 transients and spectrum B represents 182582 tran- 
sients. Some diminution in the relative intensity of the water soluble 
carbohydrate resonances (primarily corresponding to galactose) is evi- 
dent in spectrum B. 

treatments, failed to appreciably increase the resolution 
(Figure 4B). Differences in the spectra may reflect a num- 
ber of structural factors as well as differences in membrane 
composition. In particular, A .  nidulans contains no polyun- 
saturated fatty acids, the membranes consisting primarily 
of palmitic acid (55%), palmitoleic acid (35%), and oleic 
acid (6%) as determined by gas chromatography. Similar 
results have been reported by Hirayama (1967). In the con- 
text of theories for the relaxation rates of molecules whose 
motion is characterized by two correlation times, one re- 
flecting overall rotational mobility and one reflecting more 
rapid internal motion, the slower overall motion will only 
affect the line width if the faster internal motion is aniso- 
tropic (Finer, 1974; Gutowsky and Pake, 1950). The spec- 
tra obtained here with the yeast and algal cells suggest that 
the line widths and the "apparent" isotropy of the fatty acid 
motion depend strongly on the presence of polyunsaturated 
fatty acids in the membrane lipids. 

Relaxation Time Measurements. The spin-lattice relax- 
ation times for the fatty acid. resonances determined a t  
three temperatures are summarized in Table I. Nonexpo- 
nential recovery of the equilibrium magnetization was 
noted for the resonances assigned to C-2 and C-3, for which 
the initial relaxation rates were estimated and included in 
the table. The apparent nonexponential recovery of magnet- 
ization can result from several factors, including a hetero- 
geneity in the environments of these carbon atoms or from 
the fact that the low intensity resonances reside on the tail 
of an intense multiresonance methylene peak (exhibiting a 
different relaxation time) so that the latter may make a 
variable contribution to the measured value of the delay 
time, 7. Whereas the latter effect may obtain for some of 
the other resonances studied, the very short T I  values for 

Table 11: Activation Energies for Fatty Acid Carbons Determined 
from T ,  Data. 

Carbon E,  (kcal/mol) 

CH,CH, 
CH,CH,CH, 
CH ,CH,CH,CH, 

CH ,CH ,CH,CH , 
(downfield peak) 

(upfield peak, linoleic acid 
-CH=CHCH,CH,- 
-CH=CHCH,CH=CH- 
-CH=CHCH,CH,- 
-CH=CHCH,CH=CH- 
-CO,CH,CH,- 
-CO,CH,CH,CH,- 

4.7 
6.1 
5.3 

5.1 

5.3 
5 .o 
6.3 
6.2 
5 .I 

the C-2 and C-3 nuclei would make the apparent effect 
more pronounced. In the cases of the other nuclei, however, 
the relaxation did appear to be exponential. 

The I3C relaxation rates, a t  least for those atoms contain- 
ing directly bonded H atoms in molecules of moderate to 
high molecular weights, have been shown to be dominated 
by intramolecular dipolar interactions with the directly 
bonded protons (Kuhlman et al., 1970; Levine et al., 
1972b). The fact that in all cases T I  increases with increas- 
ing temperature is consistent with a short correlation time 
for the motion so that T I  a 1/7c 0: temperature, where 7c is 
the correlation time for the motion. This condition, in turn, 
leads to the conclusion that WO7c << 1, or 7c < 6.3 X 
sec. Arrhenius plots of the spin-lattice relaxation times vs. 
reciprocal temperature indicate that, to the accuracy of the 
T I  measurements the T I  (or values for the carbons 
near the end of the chain, which are denoted as C N ,  CN-I,  
and C N - ~  for an N carbon fatty acid chain, as well as for 
both unsaturated carbon resonances follow an Arrhenius 
type law. The calculated apparent activation energies ( E , )  
for the T I  values of the latter are listed in Table 11. In gen- 
eral they a re  slightly larger than those reported by Gent 
and Prestegard (1974) for I3C-labeled lecithin vesicles and 
multilayers, a result which may reflect differences in the 
compositions of the two systems. In this context, it should 
be noted that somewhat higher activation energies than the 
ones we report here have been measured by Stoffel et al. 
(1 974) for lipid vesicles composed of phosphatidylcholine 
and sphingomyelins. The deviation of the relaxation times 
of the remaining nuclei from a simple exponential depen- 
dence on the reciprocal temperature appeared to be some- 
what greater than the experimental error; thus activation 
energies listed in Table I1 for the latter are only rough ap- 
proximations which may be considerably in error. Since 
measurements were made a t  only three temperatures, a 
more complete analysis seemed unjustified. It is interesting 
to note, however, that if the 65OC-26"C temperature range 
and the 26OC-7OC temperature range are considered sepa- 
rately, the activation energies are invariably higher in the 
lower temperature range, a parameter which could reflect 
the proximity to a low temperature phase transition such as 
occurs in lecithin vesicles (Ladbrooke and Chapman, 1969). 
It should be noted also that although the lower temperature 
phase may be characterized by larger values of E,, the con- 
dition WO7c << 1 still holds, since if it did not the Arrhenius 
plot would bend in the opposite direction as T I  becomes 
proportional to 7c and thus begins to increase with recipro- 
cal temperature. 
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FIGLRE 5: Plots of N T ,  vs. carbon position where N is the number of 
directly bonded protons corresponding to the carbon atom whose Ti is 
measured. The data were taken at 7OC (e), 26OC (A), and 65OC (0). 
For each temperature, two values are given for C N - ~ .  The longer value 
corresponds to the upfield linoleic acid C-16 peak and the shorter value 
corresponds to the downfield peak which includes all of the methylene 
carbons two bonds from the terminal carbon of the remaining fatty 
acids. Also shown are data from Godici and Landsberger (1974) for 
sonicated egg yolk lecithin measured at  34OC, (0). 

The Ti data obtained are consistent with the existence of 
a mobility gradient along the fatty acid chain remarkably 
similar to the one described by Godici and Landsberger 
(1974) for sonicated egg yolk lecithin. Plots of NTl vs. car- 
bon position for the yeast data (where N is the number of 
protons directly bonded to the carbon whose relaxation time 
is being measured) as well as the egg yolk lecithin I3C re- 
laxation data obtained by Godici and Landsberger are 
shown in Figure 5. In  addition to the overall gradient in T I  
values with carbon position, the deviations of many of the 
individual carbon relaxation times from the values for the 
methylene envelope are similar in the two systems. In par- 
ticular, the T I  value for the upfield unsaturated resonance, 
representing only the unsaturated carbon atoms of polyun- 
saturated fatty acids, is longer than the Ti value for the 
downfield peak which represents both poly- and monoun- 
saturated fatty acids. This observation is again consistent 
with a shorter correlation time or greater “fluidity” charac- 
terizing the polyunsaturated fatty acids, even though there 
is no evidence that these acids are in any way segregated in 
the membrane. A similar conclusion follows from the fact 
that the linoleic acid C-16 peak has, a t  all temperatures, a 
longer T I  than the downfield C N - ~  peak which corresponds 
to the equivalent carbon of the other fatty acids present, 
most of which are more highly saturated. Also, there is a 
sharp increase in the terminal methyl T I  which can be as- 
cribed to a rapid rotation about the terminal C-C bond, a 
rotation which is expected to be less restricted than that 
about any other C-C bond because no additional volume is 
swept when it takes place. 

Despite the similarities, there are several differences be- 
tween the yeast and egg yolk lecithin data. In particular, 

the relaxation time of the C- 16 carbons of the egg yolk leci- 
thin does not exhibit the increase. NT1 which the C-16 
peaks of the yeast sample do. This ild reflect a difference 
in the mobility gradient; however, .xamination of the egg 
yolk spectrum (Godici and Landsberger, 1974) indicates 
that the C-16 peak is not well resolved from the methylene 
envelope so that a shorter TI would be measured. Signifi- 
cant differences in the mobility gradient may exist, how- 
ever, near the glycerol end of the fatty acid chain since non- 
exponential decays were not reported for egg yolk lecithin 
data. The short relaxation times determined for the C-2 
carbon seem to indicate a steeper gradient in the yeast cells. 

As reflected in the T I  relaxation time, the choline 
NCCH3 carbon atoms also exhibit an increased mobility 
relative to the fatty acid carbon atoms near the glycerol 
backbone, similar to the situation which obtains for sonicat- 
ed vesicles (Levine et al., 1972b; Metcalfe et al., 1971). As 
with the fatty acid resonances, T I  increases with increasing 
temperature so that it can be concluded that rC < 1 / C G ,  -6.3 
X I O p 9  sec. However, the description of the motion of the 
choline methyl group in terms of a single rotational correla- 
tion time must be crude in view of the anisotropic nature of 
the motion. I n  particular, the large N f C H 3  line width may 
reflect the slower rotation of the entire membrane system. 
Recent I3C N M R  studies indicate that the apparent Tr as 
obtained from the choline line width for both lecithin multi- 
layers and sonicated vesicles is considerably shorter than T I  
(Sears et al., 1974). Thus, the large line width of the cho- 
line methyls cannot be attributed to immobilization of the 
NCH3 groups. Alternatively, the broadening may reflect 
quadrupolar interaction with I4N as well as some unre- 
solved triplet structure due to interaction with I4N, or a 
spread in chemical shifts due to inequivalent chemical envi- 
ronments. (We defer a more detailed discussion of the Ti 
gradients observed in these systems until a more rigorous 
mathematical analysis of the motions in bilayer structures 
is available.) 

Chemical Shif t  Measurements, The excellent resolution 
obtained for the fatty acid resonances indicates that the 
yeast membrane system should be useful for studying chem- 
ical shift effects. Small, temperature dependent chemical 
shifts of the fatty acid resonances of phospholipid bilayers 
have been reported by Batchelor et al. (1972). Without the 
use of an internal standard, such shifts are difficult to deter- 
mine absolutely. Comparison of the measured shifts with 
the shifts measured for an external aqueous tetramethylam- 
monium bromide sample (or for sodium 2,2-dimethyl-2-si- 
lapentane-5-sulfonate) a t  each temperature results in posi- 
tive shifts for all resonances, the maximum shift being -0.8 
ppm (Figure 6). These shifts may reflect, in part, differ- 
ences in bulk susceptibility between the two samples. De- 
spite the difficulty of measuring absolute shifts, relative 
shifts can be determined with greater accuracy and signifi- 
cant differences do exist for the various carbon atoms. A 
plot of the total shift observed for each carbon between 65 
and 7OC vs. carbon position along the chain is shown in Fig- 
ure 7. The C-2 shift has been arbitrarily set to 0 and the re- 
maining shifts are, thus, given relative to C-2. There arc 
several possible explanations for these shifts, including: sol- 
vent effects arising from the penetration of water into the 
bilayer as notkd for the fluorine resonances in fluorohydro- 
carbon micelles (Muller and Johnson, 1969; Muller and 
Simsohn, 1971; Muller et al., 1972, and references therein); 
interactions with dissolved proteins; or electron delocaliza- 
tion effects resulting from interactions between y carbons 
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as suggested by Batchelor et al. (1971) to account for the 
shifts observed in lecithin micelles. In developing a rational- 
ization for these data we note first that there is an apparent 
correlation between the shifts and the carbon position along 
the chain, in the direction of increasing shifts toward the 
terminal methyl group (Figure 7). A gradation in chemical 
shift has also been observed by Muller and Simpsohn 
(1971) for the fluorine atoms of aqueous micelles of sodium 
pentafluoroctanoate. It was found that the fluorine atoms 
nearer the acid head group exhibit chemical shifts closer to 
the “aqueous solvent value” and the fluorine atoms closer to 
the methyl terminal exhibit shifts closer to the “fluorocar- 
bon solvent” value. If the penetration of water molecules 
into the micelle is temperature dependent, and if the water 
causes a downfield shift for the carbon resonances, the ob- 
served chemical shift correlation with chain position might 
reflect a temperature dependent gradient in the amount of 
dissolved water in the bilayer. However, Batchelor et  al. 
(1972) conclude, on the basis of studies with model com- 
pounds, that such solvent effects should be negligible for 
13C in lecithin vesicles. In addition, with this mechanism 
we cannot account for the relatively lower shifts for the un- 
saturated carbon atoms and for C-1 1 of linoleic acid. Of the 
remaining explanations, the effect of dissolved proteins is 
the most difficult to predict. 

Alternatively, most of the chemical shift results can be 
explained by the carbon-y carbon interaction mechanism if 
the appropriate values of A E ,  the energy difference between 
gauche and anti-conformational states, are selected. As- 
suming that the population differences between gauche and 
anti states can be described by a Boltzmann factor, and tak- 
ing into account the two possible gauche conformations for 
each anti conformation, the probability of obtaining a 
gauche conformation, PG, will be given by: 

FIGURE 7: I3C chemical shifts vs. carbon position for the fatty acid 
resonances. The shifts plotted represent the total shift measured be- 
tween 65 and 7OC. The straight line in  the figure illustrates the corre- 
lation of shift with carbon position but has no quantitative significance. 
Two values are given for the C N - ~  shift, the smaller values correspond- 
ing to the linoleic acid C-16 peak and the larger to the C N - ~  carbons 
of the other fatty acids present. 

The chemical shift difference between two temperatures, Ta 
and Tb, will then be given by: 

) Avo (2) 
1 

1 + - e A E / k T b  

- 1 

1 + - e A E / k T a  
1 
2 

( 1  
AVT,-Tb = 

2 

where Avo is the total chemical shift between pure gauche 
and pure anti conformations taken as 4.8 ppm (Cheney and 
Grant, 1967). Equation 1 defines a family of curves whose 
solutions for PG change from 0 to 2/3 as T varies from 0 to 
a, most of the change occurring in the region AE - kT.  
Considering AvT, -T~  as a function of A E ,  A v T = - T ~  will 
equal 0 a t  AE = 0, pass through a maximum whose position 
depends on the temperatures T,  and Tb ,  and again ap- 
proach 0 as A E  - m (Figure 8). 

A qualitative explanation for the observed chemical shift 
gradient can then be made as follows. For carbons near the 
end of the chain AE would be approximately the energy dif- 
ference between a gauche and an anti conformation. A 
value of 0.5 kcal/mol was suggested by Batchelor et al. 
(1972) based on a calculation by Flory (1969). For saturat- 
ed carbon atoms of the fatty acids closer to the glycerol 
backbone, the gauche state may be very much less favorable 
since a large bend must be introduced into the fatty acid 
chain. The /3 coupled isomerism model (Horwitz et al., 
1973) predicts that pairs of gauche conformations may be 
more likely to occur, so that in this case AE would be ap- 
proximately twice the value for carbons near the end of the 
chain, AE - 1.0 kcal/mol. For the unsaturated carbon 
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A E  i K c a l / m o e )  

F l G U R t  8 The theoretical dependence of APc (65OC-7OC), or, 
equivalently, Au/Auo (65OC-7OC) on LE Au passes through a maxi- 
mum a t  AE = I 15  kcal/mol Thus, the shifts do not uniquely deter- 
mine AE 

atoms, calculations indicate that AE - 0 so that, as ob- 
served, the chemical shift will also be -0 (Batchelor et al., 
1972; Flory, 1969). However, using Figure 8 to obtain the 
predicted gauche probabilities (or shifts) it is clear that the 
above values of AE for the saturated carbon atoms are in- 
consistent with the observed data,  since in the 65OC-7OC 
range a larger shift will result for the carbons with AE - 
1 .O kcal/mol than for carbons with AE - 0.5 kcal/mol. The 
value of 0.5 kcal/mol was based on a calculation which in- 
cludes only intramolecular interactions. However, inter- 
chain interactions would be expected to destabilize the en- 
ergy of gauche states which lead to nonlinear fatty acid con- 
formations that do not pack well. Thus, such interactions 
would be expected to increase the values for the AE's. I n  
order to explain the magnitude of the effects observed, it is 
necessary to take AE - 1.15 kcal/mol for rotations about 
the C , \ -~ -CN- ,  (the value corresponding to the maximum 
in Figure 8), and to assume that A E  will increase further 
proceeding toward the glycerol backbone. The conclusion 
that intermolecular effects increase AE has also been de- 
duced by Seelig and Niederberger (1974) in a deuterium 
magnetic resonance study of sodium decanoate bilayers, 
and by Marsh ( 1  974) as a result of an electron paramagnet- 
ic resonance (EPR) study of stearic acid spin-labels in ori- 
ented egg lecithin multibilayers. Seelig and Niederberger 
( 1  974) calculated that the energy for a gauche-trans- 
gauche conformation is -0.5 + 0.5 + 2.6 kcal/mol, where 
the first two values reflect the intramolecular contribution 
and the third value reflects the intermolecular contribution 
due to the extra volume occupied by the gauche-trans- 
gauche kink. The latter authors noted, however, that the ac- 
tual value could be smaller due to cooperative kink forma- 
tion among the chains. W e  have not calculated values for 
AE from the chemical shift data since such values would 
depend on the value of AVO, and would assume all other ef- 
fects to be negligible, which may not be the case. However, 
the Seelig and Niederberger calculation is consistent with 
the chemical shift data. Marsh (1974) determined a value 
of 6.4 kcal/mol for the energy of a single gauche conforma- 
tion relative to a trans conformation. This value is, however, 
much too large to explain the chemical shifts obtained in 
the yeast membrane system and may reflect differences in 
the systems under study or perturbation effects of the spin- 
label. 

Support for the interpretation that the y-carbon interac- 
tion is responsible for the observed chemical shifts is also 
obtained from the chemical shifts of the unsaturated carbon 
atoms. Batchelor et al. (1972) reported a downfield shift for 
the unsaturated carbon atoms which was attributed to the 
proximity to a phase transition a t  lower temperatures for 
lecithin vesicle. Since in the present experiment absolute 
values for the shifts could not be obtained, we are  not able 
to verify this result for the yeast system. However, i t  can be 
noted that the resonance corresponding to C-l  1 was shifted 
by approximately the same amount as those of the unsatu- 
rated carbon atoms. Since the C-  1 1 is held fixed in a cis ori- 
entation relative to the two carbon atoms y to it, C-8 and 
C-14, a zero chemical shift would be predicted on the basis 
of the Cheney and Grant (1967) mechanism since the rela- 
tive orientations of these carbon atoms cannot change with 
temperature. Thus. if  the mechanism responsible for the up- 
field shifts is the y-carbon interaction, it can be concluded 
that the shift of the unsaturated resonances is small and 
positive in the present system. This result is consistent with 
the fact that the energy difference between gauche and anti 
conformations for bonds p to cis unsaturates is approxi- 
mately zero (Batchelor et al., 1972). 

An additional interesting feature of the observed spec- 
trum is the chemical shift difference between the reso- 
nances of the C-16 of linoleic acid and those of the remain- 
ing fatty acids. The C- 16 atom of linoleic acid is 'y to the 
unsaturated carbon C-13; the greater likelihood of a gauche 
orientation for bonds 13 to cis unsaturates (Batchelor et al., 
1972) might account for the upfield shift. However, it must 
be pointed out that the interaction between the C-16 pro- 
tons and the C-13 atom and C-14 proton is fundamentally 
different from the interaction between the protons of two y 
carbons which are saturated. Thus, the total chemical shift 
difference between pure gauche and pure trans isomers, 
AVO, may be larger than the value of 4.8 ppm which de- 
scribes the interaction of' saturated carbons. One way of 
sorting out the contribution due to differences in Auo and 
AE is by consideration of the temperature dependence of 
the observed shift. It appears that the linoleic acid C-16 
peak is shifted upfield with temperature almost as much as 
the other C-16 resonance (Figure 7). I f  bonds /3 to  cis un-  
saturates have little preference for either gauche or trans 
conformations so that AE - 0 ,  there should be very little 
temperature dependence for the linoleic acid C- 16 chemical 
shift. The fact that so large a shift is observed suggests, con- 
trary to the prediction of Batchelor et al. ( 1  972), that the 
gauche conformation has a significantly higher energy than 
the trans. I n  fact, for linoleic acid a nearly linear conforma- 
tion can be constructed i n  which the two bends introduced 
by the two double bonds nearly compensate for each other. 
In  this case, no additional gauche conformations need be 
present to straighten out the fatty acid chains and intermo- 
lecular constraints may even tend to favor a trans orienta- 
tion for C - I 3  and C-16. 

The Dynamics of Fat t j  Acid Chains Near Double Bonds: 
6-Coupled Isomerism. Recent models for the dynamical 
motion of fatty acid chains have had considerable success in 
explaining the nmr relaxation and chemical shift data of 
lipid bilayers and vesicles (Horwitz et al., 1972, 1973; Hor- 
witz, 1972). I n  particular, the concept of a localized distur- 
bance of 0-coupled isomerism, whose probability increases 
along the chain. is consistent with the observed mobility 
gradient as measured, for example, by the T I  data given 
here. It has been suggested that unsaturated carbons can 
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F I G U R E  9: A model for a A-coupled isomerism about an unsaturated 
bond in the fatty acid chain. The transition to an isomerized state is in- 
dicated by the dotted lines. 

undergo motions analogous to P-coupled isomerisms, but 
only half as many as those allowed for methylene carbons 
(Gent and Prestegard, 1974). Then taking into account the 
number of directly bonded protons, T I  for the unsaturated 
carbon atoms should be approximately the same as T I  for 
the methylene carbon atoms. As is clear from Table I, how- 
ever, this prediction deviates considerably from the ob- 
served relaxation data a t  low temperatures. The fact that 
the unsaturated carbons obey a simple Arrhenius relation- 
ship suggests that a simple mechanism may be operative 
throughout the temperature range studied. A particularly 
simple model can be constructed by assuming the existence, 
on the average, of a single gauche conformation which is 
distributed between the two bonds P to the unsaturated 
bond. The relaxation data then reflects the interconversion 
of the gauche conformation between two bonds which are 6 
to each other (Figure 9): 

t t e t g * g t e t t  (3) 

where e represents the eclipsed conformation which is fixed 
by the presence of the double bond. This mechanism would 
then be consistent with the greater stability of gauche con- 
formation /3 to a cis-unsaturated bond. The fact that inter- 
conversions of bonds 6 to each other may be coupled if there 
is an intervening unsaturated bond reflects the basic fact 
that the rigidity of the double bond makes possible an infor- 
mation transfer over a larger distance. Experiments with 
space filling models indicate that the interconversion envi- 
sioned in eq 3 can occur with minimal perturbation of the 
remaining fatty acid chain. Finally, we point out that even 
if, as postulated by Batchelor et al. (1972), a gauche con- 
formation is frozen in a t  lower temperatures, the 6 coupled 
isomerism could still be operative since the position, but not 
the existence of the gauche conformation, is allow to vary. 
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Constitution and Properties of Axonal Membranes of 
Crustacean Nervest 

Marco Balerna, Michel Fosset, Robert Chicheportiche, Georges Romey, 
and Michel Lazdunski* 

ABSTRACT: The purification of axonal membranes of crus- 
taceans was followed by measuring enrichment in [3H]te- 
trodotoxin binding capacity and in Na+,K+-ATPase activi- 
ty. A characteristic of these membranes is their high con- 
tent of lipids and their low content of protein as compared 
to other types of plasmatic membranes. The axonal mem- 
brane contains myosin-like, actin-like, tropomyosin-like, 
and tubulin-like proteins. It also contains Na+,K+-ATPase 
and acetylcholinesterase. The molecular weights of these 
two enzymes after solubilization are 280000 and 270000, 
respectively. The molecular weights of the catalytic sub- 
units are 96000 for ATPase and 71000 for acetylcholinest- 
erase. We confirmed the presence of a nicotine binding 
component in the axonal membrane of the lobster but we 
have been unable to find [3H]nicotine binding to crab axo- 
nal membranes. The binding to axonal membranes of two 
neurotoxic compounds. tetrodotoxin and veratridine, which 
affect the functioning of the sodium channel, has been stud- 
ied in detail. The dissociation constant for the binding of 
[ ? H I  tetrodotoxin to the axonal membrane receptor is 2.9 
n M  a t  pH 7.4. The concentration of the tetrodotoxin recep- 
tor in crustacean membranes is about 10 pmol/mg of mem- 
brane protein, 7 times less than the acetylcholinesterase, 30 

U n d e r s t a n d i n g  of the molecular aspects of nerve conduc- 
tion necessitates both a biochemical and an electrophysiolo- 
gical approach. Axons from crustacean nerves constitute a 
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times less than the Na+,K+-ATPase, and 30 times less than 
the nicotine binding component in the lobster membrane. A 
reasonable estimate indicates that approximately only one 
peptide chain in 1000 constitutes the tetrodotoxin binding 
part of the sodium channel in the axonal membrane. Vera- 
tridine, which acts selectively on the resting sodium perme- 
ability, binds to the phospholipid part of the axonal mem- 
brane. [3H]Veratridine binding to membranes parallels the 
electrophysiological effect. Veratridine and tetrodotoxin 
have different receptor sites. Although tetrodotoxin can re- 
polarize the excitable membrane of a giant axon depolar- 
ized by veratridine, veratridine does not affect the binding 
of [3H] tetrodotoxin to purified axonal membranes. Simi- 
larily, tetrodotoxin does not affect the binding of [3H]vera- 
tridine to axonal membranes. Scorpion neurotoxin 1, a 
presynaptic toxin which affects both the Na+  and the K +  
channels, does not interfere with the binding of [jH]tetro- 
dotoxin or [3H]veratridine to axonal membranes. Tetrodo- 
toxin, veratridine, and scorpion neurotoxin I ,  which have in 
common the perturbation of the-normal functioning of the 
sodium channel, act upon three different types of receptor 
sites. 

biological system that permits both approaches: ( I )  they are 
unmyelinated, (2)  walking-leg nerves can be easily dissect- 
ed out and obtained in large quantities, (3) a number of 
crustaceans like crayfishes or lobsters have giant axons 
which permit detailed electrophysiological studies. 

Fisher et al. (1970) and Camejo et al. (1969) have cho- 
sen to study the molecular organization of nerve mem- 
branes from squid axons, w3hich are also unmyelinated and 
which have been extensively used in electrophysiological ex- 
periments. The garfish olfactory nerve which is probably a 
very good system for biochemists (Chacko et al., 1972; Gre- 
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