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Cytoplasmic membranes of an unsaturated fatty acid auxotroph of Escherichia coli 
have been studied using spin labeled hydrocarbon probes. These studies reveal that 
the membrane lipids undergo changes of state at critical temperatures which reflect 
the physical properties of the fatty acid supplement supplied to the cells during 
growth. The critical temperatures observed in spin labeled membranes correlate with 
characteristic temperatures in membrane functions. Lipid analysis reveals that fatty 
acid composition and distribution in membrane phospholipids are primary deter- 
minants of the temperatures at which changes of state are observed in membrane 
lipids. Fatty acid composition and distribution can also produce unique interactions 
between certain spin label probes and their lipid environment. 

I NT RODUCT 10 N 

The relationship between membrane lipid physical state and membrane function has 
been examined by a variety of techniques and approaches. Using bacterial auxotrophs 
( 1  -7) ,  mycoplasma (8- lo), and plant and animal mitochondria ( 1  1 ), several investigators 
have shown that many membrane functions are affected by lipid fatty acid composition. 
These effects depend on and can be correlated with the physical properties of the mem- 
brane lipids. 

Fatty acid auxotrophs ofE.  coli provide an ideal system for investigating the relation- 
ship of membrane function to membrane lipid composition. The mutant used here and in a 
similar study ( 1  2) requires unsaturated fatty acids for growth, and also lacks the capacity to 
fi-oxidize the supplements. It is thus possible to control closely the fatty acid components 
of the membrane lipids with the consequence that these mutants have a very simple lipid 
composition. In addition, two independent sugar transport systems of this mutant are 
well characterized with respect t o  their interrelated dependence on temperature and fatty 
acid supplement supplied for growth (4). 

Recent electron spin resonance (ESR) studies on membranes and membrane lipids 
derived from this auxotroph indicate that the nonlinearities observed in Arrhenius plots 
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for transport are a direct consequence of the physical state of the membrane lipids ( I  2) .  
Partitioning of  the nitroxide probe 2,2,6,6-tetramethylpiperidine-l-oxyl (TEMPO)n be- 
tween hydrophylic and hydrophobic phases of  the membrane or isolated lipid suspensions 
revealed that there are two characteristic temperatures marking changes in the physical 
state of the lipids (1 2) .  The higher of the two temperatures, t h ,  marks the onset of  ‘‘liquid’’ 
and “solid” phases in equilibrium. The lower temperature, t,, marks the endpoint of this 
equilibrium. The course of this equilibrium over the temperature range limted by t, and 
tl requires lateral phase separations of the membrane lipids (1  3). Above t h ,  all lipids are 
in the liquid phase and below tl all lipids are in the solid phase. A careful examination of 
0-glucoside and fl-galactoside transport has revealed two characteristic temperatures, t*h 
and t * /  for these functions, corresponding to t, and t ,  determined by TEMPO partition- 
ing (1 2). 

In the studies reported here, we have employed a different family of ESR probes, 
namely nitroxide labeled hydrocarbons. Use of these probes increases experimental 
sensitivity, with the result that it is possible to obtain interpretable spectra using relatively 
dilute aqueous membrane suspensions. In addition, we present a detailed analysis of the 
fatty acid distribution in the membrane lipids. 

METHODS 

Growth and Properties of Bacterial Strains 

Strain 3OEflox- was used exclusively in the studies reported here. I t  is an unsaturated 
fatty acid auxotroph of E. coli KI 2, defective in the fl-oxidation of fatty acids. The 
properties of the parent strain (14, 15) and of this mutant are described elsewhere (12). 
Cells were cultured in a medium consisting of medium A (1 6 )  supplemented with 1% Difco 
casamino acids, 5 pg per ml of thiamine oHCI, 0.5% of the nonionic detergent Triton X-100 
(Rohm and Haas), and 0.02% of an essential fatty acid. Elaidic (trans-9-octadecenoic), 
oleic (cis-9-octadecenoic), and linoleic (cis, cis-9, 1 2-octadecedienoic) acids were purchased 
from the Hormel Institute, Austin, Minn. Cultures of 500 ml were grown with vigorous 
rotary agitation at 37°C in 2 liter flasks. Prior to harvesting, the cells were grown with the 
indicated essential fatty acid for at least 4 generations, and growth was followed 
turb idimet rically . 

Induction and assay of transport, and isolation of inner (cytoplasmic) and outeI 
membranes are described in detail elsewhere (4, 15, 17). 

Extraction and Characterization of Lipids 

Lipids were extracted from membranes as previously described (18). Fatty acid 
methyl esters were obtained by transesterification with BF,-methanol (Applied Science 

Other abbreviations used are: 5N10 (2,2-dimethyl, 4-butyl, 4-pentyl, N-oxyloxazolidine); 6 N 1 1  (2, 
2dimethy1, 4 ,4dipenty l ,  N-oxyloxazolidine); and M12NS (2, 2dimethyl,4-hexane, 4-methylun- 
decanoate, N-oxyloxazolidine). (For structural formulas of 5 N 1 0  and 5 N 1 1 ,  see Figs. 2-4.) 
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Laboratories), and the methyl esters were separated by gas-liquid chromatography on a 
6 ft X 1 / 8  in column of 10% EGSSX on Chrom W DMCS. 

the omission of the acetylation step. Diglyceride species were eluted from silver nitrate 
impregnated thin layer plates by the method of Arvidson (20) and transesterified as 
described above. 

oleate supplemented cells are slightly enriched in unsaturated fatty acids over the outer 
membrane. The sabrated to  unsaturated fatty acid ratio (in cells grown with an oleic 
acid supplement) is 0.67 in inner membranes and 0.78 in outer membranes. This differ- 
ence is observed regardless of the method of lipid extraction. Thus inner membrane 
preparations [the site of localization of transport proteins (2 ,4 ,  22)] were used for all 
lipid analyses and spectral studies described here. 

Diglyceride analysis was performed by the method of Holub and Kuksis (1 9) with 

In agreement with White et al. (21), we find that inner membranes derived from 

ESR Spectroscopy 

Inner membranes, derived from the 0-oxidationless fatty acid auxotroph grown with 
oleic, elaidic, or linoleic acid supplements, were used in these studies. The spin labels used 
as probes were 5N10, hN1 I ,  M12NS, and vanadylacetylacetonate. Spectral data from 
M 12NS were analyzed with difficulty due to  excessive motional broadening at lower 
temperatures; the results with M12NS were, however, consistent with other data. Data ob- 
tained with the probe vanadylacetylacetonate were also consistent with other results but 
involve complicated analyses and will not be presented here. The spin labels 5N10 and 
6N1 1 were well suited for the analyses performed here since they gave excellent signal-to- 
noise ratios. Destruction of the nitroxide spin was prevented by routinely adding two 
equivalents of KFe(CN), to the membrane samples. Spin labels were introduced into the 
membrane suspensions by mixing 0.5 p1 of label M in ethanol) with 50 p1 of meni- 
branes. Approximately 30 pI of each sample was then placed in a 0.9 mm (inside dia- 
meter) capillary tube for ESR analysis. Spectral measurements were taken on a Varian 
V4502 EPR Spectrometer fitted with an X,  Y recorder and operating at 9.5 GHz. A 
laboratory built variable temperature assembly was used which maintained a sample 
temperature tolerance of approximately 0.1 "C. Temperatures were scanned in ascending 
order, and at least 10 minutes was allowed for samples to come to thermal equilibrium at 
each temperature. 

Two methods, illustrated in Fig. I ,  were used t o  analyze the spectral data. The top 
spectrum, taken at 2"C, is of oleic acid enriched membranes labeled with 5N1 1.  Two high 
field lines are visible and the basis of the data analysis is the ratio of the half-height of 
the peak representing spin label in a hydrophobic phase (I/?- h p l H )  to the half-height of 
the peak representing spin label in a polar environment ( 1  / 2  h- ~ ,,). The bottom spectrum 
(Fig. I ) ,  also taken at 3"C, is of a more concentrated sample of oleic acid enriched mem- 
branes. In  this spectrum, the ratio of the heights of the mid-field (11,) and high field ( l i p ,  ) 
lines is measured. This spectrum has the highest ratio in the temperature series as a con- 
sequence of the immobility of the spin label at this low temperature. Both methods of 
spectral analysis were used in evaluating the data discussed here and gave identical results. 
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R ESU LTS 

Transport Studies 

Arrhenius plots of P-glucoside transport for cells grown with elaidic, oleic, and 
linoleic acid supplements all show two distinct changes in slope at  characteristic tempera- 
tures ( 1  2). The lower characteristic temperature corresponds in each case to  characteristic 
temperatures (t* values) previously reported using the parent strain of that used here (2, 
7), as well as t o  temperatures observed using another spin label, TEMPO (12). Table I 
summarizes the physiological characteristic temperatures for transport and the characteristic 
temperatures obtained using two different spin labels. 

IOgouss 

Fig. 1. Top spectrum: The first derivative spectrum of a suspension of oleic acid 
enriched inner membranes (6 mg protein per ml) labeled with 6N11,  taken at 2°C. 
Two high field lines are visible: h- 
polar environment, and h-,,, resulting from label localized in a polar environment. 
See Methods for description of data analysis. 

Bottom spectrum: The first derivative spectrum of a suspension of oleic acid 
enriched inner membranes (1 6 mg protein per ml) labeled with 6N11, taken 
at 2°C. In this spectrum, the ratio of the line heights of the mid-field (h,,) to high 
field (h- l )  is measured. See Methods for further details. 

resulting from spin label localized in a non- 
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ESR Studies 

The mid-field to high field line height ratios obtained from spin labeled membrane 
preparations are shown as a function of reciprocal values of absolute temperature in Figs. 
2, 3, and 4. These membranes are enriched in oleic, elaidic, and linoleic acids, respectively. 
The data show extrapolated intercepts occurring at approximately the same temperatures 
as those observed in P-glucoside transport (Table I).  

Similar results were obtained when more dilute membrane suspensions were used while 
the concentration of the spin label. 5N10, was held constant. These spectra gave splitting in 
the high field peak, resulting in two lines, indicating that 5N10 partitioned between the mem- 
brane hydrocarbon and polar zones. Plots of these data showing the ratio of the hydrocarbon 
high field line half-height t o  the polar high field line half-height gave intercepts similar to  
those shown in Figs. 2,3, and 4. A higher characteristic temperature was observed only in 
linoleic acid enriched membranes. This was detected with the spin labels 5N10 and 6N1 I .  
The spin labels M I2NS and vanadylacetylacetonate both detected the lower, but not the 
higher characteristic temperatures in the linoleate membranes. 

Fatty Acid Analysis 

Lipids extracted from the 0-oxidationless fatty acid auxotroph contain, as their 
only unsaturated fatty acid, the unsaturate supplied exogenously during growth ( I  2). The 
overall fatty acid composition itself is simple and contains few components; consequently, 
the phospholipids are composed of a relatively small number of species. Phosphatidyl- 
ethanolamine is the major phospholipid in I?. coli (7-3-25). 

Table I1 summarizes the distribution in diglyceride species of fatty acids derived from 
the phospholipids of inner membranes supplemented with oleate, linoleate, and elaidate. 
The detailed distribution of  individual fatty acids in diyglcerides and in total lipid is shown 
in Table 111. Table IV summarizes the percent of saturated and unsaturated fatty acids in 
diglycerides and in independent total membrane lipid samples. I t  is evident from these 
data that the fatty acid composition of the diglycerides faithfully reflects fatty acid com- 
position of the total membrane phospholipids. 

Lipids derived from cells grown with an elaidic acid supplement were quite distinc- 
tive. Over 80% of their fatty acid content was exogenously derived, and close to 70% of  
the diglycerides derived from phospholipid are of one molecular species. These data 
correlate well with those reported by Silbert (25), which showed that cells supplemented 

TABLE 1. Characteristic Temperatures for Glucoside Transport and Spin Labels 

Fatty acid t*h th th tf tl  tl 
supplement 

Transport TEMPO Hydrocarbon Transport TEMPO Hydrocarbon 

Elaiddte 38.6-38.8 37.7 _ _  32.1 30.7 30.3 
Oleatc 26.0, 21.8 31.0 _ _  14.4 15.8 16.2 
Linolea te 27.1 28.5 28.4 6.8 8.9 9.1 

- - 

The characteristic temperatures for p-glucoside transport and TEMPO partitioning are described else- 
where (12). The characteristic temperatures observed with the spin labeled hydrocarbons 5N10 and 
6 N I  1 were obtained as described in Methods. The high temperature boundary of the lateral phase 
separations is denoted th, and the low temperature boundary, tl. Discontinuities or slope intercepts in 
Arrhenius plots of p-glucoside transport vs 1/T which correlatewlth t h  and tl are denoted t*h and t*[. 
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with a trans-mono unsaturated fatty acid contain primarily the diunsaturated phospholipid 
species. Positional isomerism was not determined for the disaturated and saturated- 
unsaturated diglycerides obtained here, since Silbert’s data allow one t o  predict these dis- 
tributions with confidence. 

DISCUSS 10 N 

Electron spin resonance is one of several spectroscopic techniques that have been 
used to  examine thermal lipid phase transitions in biological membranes and model sys- 
tems. It is a more sensitive technique than nuclear magnetic resonance, but less sensitive 
than spectrofluorimetry. The sensitivity of ESR of membranes, however, is dependent on 
the properties of  the spin label probe. The spin label TEMPO, used in an independent 
study (12), is more water soluble than the hydrocarbon probes used here. This necessitated 
the use of concentrated membrane suspensions, usually in the form of pellets, to  obtain a 
suitable ratio of aqueous and nonpolar phases. By virtue of its lipid solubility, TEMPO 
dissolves in the hydrocarbon phase of the membranes. When membrane lipids undergo a 

I 1 I I I I 

L - 0 N-0 

6N II 

16.2 O C  

3.1 3.2 ‘3.3 3.4 3.5 3.6 
I / O K  x lo3 

Fig. 2. A suspension of inner membranes (16 mg protein per ml) derived from 
oleate grown cells was labeled with 6N1 1 (structure shown on figure). ESR spectra 
were taken over the temperature range indicated. The ratio of the mid-field and 
high field line heights is plotted as a function of the reciprocal of the absolute 
temperature. 
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transition from a liquid t o  a more solid state, TEMPO is excluded from the hydrophobic 
environment and the spectrum reflects its presence in a more polar environment. The 
greatest resolution in the data obtained with TEMPO is in the high field, or third spectral 
line, where the hyperfine splitting indicates the partitioning of  the probe between hydro- 
phobic and polar environments. The data obtained using TEMPO are thus analyzed on  the 
basis of the line heights of these third line peaks. 

limited aqueous solubility. They also bear a closer structural analogy than does TEMPO 
t o  fatty acids in membrane lipids. It was thus possible to  use membrane suspensions on  
the order of a hundredfold more dilute than in the studies where TEMPO was employed. 
The basis of the spectral analysis for experiments with the hydrocarbon probes is not only 
the detection of  signal in hydrophobic vs polar environments, but also the restriction of 
motion of the spin label. The three spectral lines, illustrated in Fig. 1, would be of equal 
height and have a characteristic width and spacing for a spin label tumbling isotropically 
in a fluid environment. The line heights, widths, and spacings change as the motion of the 
spin label is restricted by changes in environmental viscosity. These three parameters are 
qualitatively interrelated in reflecting changes in motion of the spin label. We have chosen 
to  use the ratio of the heights of the mid-field and high field lines as a measure of the 

The hydrocarbon probes used in the experiments described here have extremely 

I 1 I I I I 
3.1 3.2 3.3 3.4 3.5 3.t 

I / O K  x lo3 

Fig. 3. A suspension of inner membranes (2 .5  mg protein per ml) derived from 
elaidate grown cells was labeled with 5N10 (structure shown on figure). ESR 
spectra were taken over the temperature range indicated. The ratio of the mid- 
field and high field line heights is plotted as a function of the reciprocal of the 
absolute temperature. 
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physical state of the environment of the spin label. This is the method of spectral analysis 
presented in the data here, although measurements of the polar and apolar third line 
heights gave identical results. 

information. It permits detection of both the upper (t,) and lower (t,) characteristic 
temperatures which define the high and low temperature boundaries, respectively, of 
lateral phase separations. The hydrocarbon probes are more sensitive, requiring a lower 
concentration of membranes. They are thus more useful in applications where only small 
quantities of a preparation are available. Except in the case of linoleate membranes, how- 
ever, the hydrocarbon probes d o  not detect t,. On the basis of this information and other 
known properties of the interactions of TEMPO and hydrocarbon probes with membranes, 
it is possible to speculate on the phenomena which give rise to  the general inability of the 
hydrocarbon probes to detect t , .  

The spin label TEMPO, although the less sensitive of the two probes, yields more 

0 A- N - 0  /> k# 1 - '  f 9.1 O C  

f 6N II 

0 
0 

/ 

1 
/ 

1 1 I 1 

IPK x lo3 
3. I 3.2 3.3 3.4 3.5 3.6 

Fig. 4. A suspension of inner membranes (5 mg protein per ml) derived from 
h o l e a t e  grown cells was labeled with 6N11.  ESR spectra were taken over the 
temperature range indicated. The ratio of the mid-field and high field line heights 
is do t ted  as a function of the reciprocal of the absolute temperature. 
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TABLE 11. 
Derived by Enzymic Digestion from Inner Membrane Phospholipids 

Distribution of Saturated and Unsaturated Fatty Acids in Diglycerides 

F'atty acid 
supplement Disaturated Saturated:Unsaturated Diunsaturated 
for growth 

Oledte I .2% 77.1% 19.7% 
Linoledte 40.8% 19.8% 39.4% 
Elaidate < 0.1 % 3 1.39 68.7% 

An extract of inner membrane phospholipids (Methods) was digested with 
Closfridium welchii phospholipase C. Comparison of the starting and digested 
materials revealed complete digestion of phosphatidylethanolamine and 
phosphatidylglycerol [which account for more than 98% of the total 
phospholipids in inner membrane derived from the strain of E. coli used here 
(Machtiger and Fox, unpublished results)]. The diglycerides were resolved as de- 
scribed in Methods. The fatty acid content in each diglyceride was determined 
by gas-liquid chromatography (Methods). The total fatty acids derived from 
the sum of all fatty acids in the resolved, transesterified diglycerides was 
assigned a value of loo%, and the percent distribution of diglycerides was 
calculated on this basis. 

TABLE 111. 
that of Resolved Diglycerides (Table 11) Derived from these Lipids 

1:atty acid Fatty acid 
supplement Sample 
tor growth 14:O 16:O 16:l  18:O 18:l 18:2 Other 

Comparison of Fatty Acid Composition of Total Inner Membrane Phospholipids with 

Oleate Diglycerides 2.9 36.1 0.8 0 60.2 - - 

Membrane lipid 6.5 38.5 2.0 - 51.0 - 2.0 
Linoleate Digylcerides 4.3 45.5 1.9 <1.0 5.6 40.6 1.1 

Membrane lipid 2.9 44.0 1.9 .- - 48.9 2.3 
khidate  Diglycerides 2.1 10.7 <0.1 <1.0 86.4 - - 

- Membrane lipid 4.5 8.7 ~~ - 86.4 - 

I,'atty acid chain length and degree of unsaturation are denoted by numbers before and after the colon, 
respectively. No difference in retention time in gas-liquid chromatography is detected for cis-n9C1 8 :  1 
(oleic acid) and trans-A'C18: I (elaidic acid) by the methods used here. 

TABLE IV. 
and in Resolved Diglycerides Derived from these Lipids 

Comparison of Saturated and Unsaturated Fatty Acids in Total Inner Membrane Lipids 

~~~ ~~~ ~~~ ~ ~~ ~~~~~ ~~~~~ ~ 

Ratio: 
Unsaturated fatty acids saturated/unsaturated ~ ~ _ _ _ _ _ _ _  Saturated fatty acids 

_ . _ _ _ _ ~  
t a t t y  acid 
\upplement 
tor growth Total lipid Digylceridcs Total lipid Diglycerides Total lipid Diglycerides 

Oleate 45 .m 39.7 53.01 58.2 0.85 0.68 
Linoleate 46.91. 50.7 50.8: 49.3 0.92 1.03 
Elaidate 13.2 15.6 86.8 84.3 0.15 0.1 8 

Analyses of inner membrane total lipids and diglycerides were performed on independently derived 
wmples as described in Methods. The distribution of saturated and unsaturated fatty acids in total lipid 
\vas obtained by simple summation. The ratio of saturated and unsaturated fatty acids in diglycerides 
w s  calculated from the data in Table 111. 

Other: 2.0%(1 : 2.3%7. 

. - - __ _ _ _ _ _ _ _ _ _ ~  ._____ 
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When the temperature of  an aqueous suspension of membranes labeled with TEMPO 
is lowered below t,, there is a progressive exclusion of  TEMPO from the membranes into 
the aqueous environment. Conversely, when the temperature is raised above tl, TEMPO 
partitions into the hydrophobic regions of the membrane. With the hydrocarbon probes, 
on the other hand, the spin label remains associated with the membranes even below the 
lower characteristic temperature (the point a t  which virtually all membrane lipids will be 
in a “frozen” highly ordered state). In response t o  a temperature decrease, which gives 
rise to  lateral phase separations [requiring lateral diffusion (13)] , a spin label intercalated 
in a hydrocarbon environment can behave in one of two ways: 1.  The spin label probe 
can be vertically expelled from the membrane. TEMPO may behave in this way since it 
has nearly equal solubility in the aqueous and liquid hydrophobic compartments of a 
membrane suspension. Thus a decrease in the volume of  available hydrocarbon com- 
partment concentration which arises as a consequence of  ordering of hydrocarbon chains 
in lipids will result in a redistribution of TEMPO as expected from its partition coeffeicient. 
TEMPO would thus detect both the beginning and the end of lateral phase separations 
since its expulsion into the aqueous phase beings at th and ends at tl (13). 

2. The spin label can separate laterally within the hydrocarbon phase remaining with 
the solid or partitioning into the liquid phases. The hydrocarbon probes apparently be- 
have in this manner. They are virtually insoluble in water and are thus not likely t o  be ex- 
pelled from the membranes into an aqueous environment when the temperature is 
lowered. At the high membrane to  spin label concentration ratio used here, the hydro- 
carbon probes may separate with the liquid hydrocarbon phase, since their structure 
could give rise to  deformation of a solid hydrocarbon phase. Therefore, little or no change 
in environment would be detected until the concentration of the liquid hydrocarbon 
phase is greatly reduced, i.e., at approximately t,. Obviously, these hydrocarbon probes 
respond primarily to  an event that occurs at t,. 

water soluble probes such as TEMPO will be expelled vertically from the membrane hydro- 
carbon phase. Probes which have low aqueous solubility, for example, the hydrocarbon 
probes, will engage in lateral phase separations in conjunction with the membrane lipids. 
The probes used in our study apparently preferentially partition laterally into the liquid 
hydrocarbon phase and usually detect only t,, the point at which the concentration of the 
available liquid hydrocarbon phase approaches zero. Why then do the hydrocarbon 
probes also detect t, in linoleate membranes? We have no definite explanations for this, 
and can only identify the most obvious factor which could be causative. In the linoleate 
membranes there are two distinct major populations of phospholipids, disaturated and 
diunsaturated (see Table 11). The linoleate membranes are thus the only ones studied 
which have lipid classes with physical properties that are radically different from one 
another. 

correlate the effects of lipid compositjon on the physical and physiological properties of 
membranes. Through there is general agreement that many membrane associated activities 
are affected by thermal phase transitions in membrane lipids, there are also inconsistencies 
between the data and the interpretations presented by these groups. 

Some of these inconsistencies may have arisen since it was not known until recently 
that there are two characteristic temperatures (t,and tl) a t  which bulk lipid interactions 

The above discussion concludes that in response to lateral phase separations, highly 

Several other groups of investigators have used fatty acid auxotrophs of E. coli t o  
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can produce physiological “transitions” (i.e., slope intercepts in muitiphasic Arrhenius 
plots) in membrane function. In earlier studies, one of us reported physiological transitions 
in transport only at t, (2,4, 7). The failure to detect an effect of physical change at t, was 
simply an error of omission [see the companion paper by Linden and Fox (16)] since we 
did not study transport rate over a sufficiently broad temperature range to detect events 
occurring at  t,, or did not assay for transport at a sufficient number of points in the 
tpmFerature range studied in order to detect all the slope intercepts. Overath and his 
colleagues have reported “transitions” in transport, monolayer physical chemistry of ex- 
tracted lipids, and fluorescence properties of membranes and extracted lipids ( 3 , 2 4 , 2 7 ) .  
They detected only a single transition in cells grown with each fatty acid supplement 
tested. In some cases (e.g., oleic acid supplemented cells), they reported a transition 
temperature that corresponds to  our values for t l .  In elaidate supplemented cells, how- 
ever, their transition temperature corresponds to  our value for t h .  There is as yet no 
explanation for this inconsistency. 

Another source of possible confusion is that which could arise from the failure to  
distinguish “bulk” or “bilayer” lipid effects from “boundary” or “intimate” lipid effects. 
Esfahani, Wakil, and their collaborators and Mavis, Bell, and Vagelos have shown that a 
number of reactions catalyzed by membrane associated enzymes respond t o  lipid com- 
position at temperatures other than t, and t, (6 ,28 ) .  They have suggested that some 
proteins may have a selective affinity for certain lipid classes. This selectivity could be 
exerted on the basis of head group or fatty acid composition. Since head group and 
fatty acid composition can both influence thermal phase transitions (29-31), i t  is obvious 
that an intimate or boundary layer of lipids could produce a physiological transition 
distinct from tll or t, if these boundary lipids had a composition different from that of 
the bulk of the membrane lipids. I t  is entertaining to make an analogy to the term “ice- 
berg” which was coined by Klotz to  characterize the interaction of proteins with an 
intimate shell o f  water (31). Perhaps it is appropriate to coin the term “lardberg” to  refer 
t o  the interaction of a protein with its intimate or boundary lipid shell. This term is ap- 
propriate where a membrane protein exerts a rigidifying or stabilizing influence on an 
intimate lipid shell (33-35). Such a term should be used with caution, however, since 
some lipid-protein interactions also might give rise t o  local destablilization within the 
k!!< or bilayer lipid. The net result would be a broadening of  the phase transition. 

ACKNOWLEDGMENTS 

C. D. Linden is a USPHS predoctoral trainee supported by Grant GM- 153 I .  
C. F. Fox is the recipient of  USPHS Research Career Development Award GM-42359. 
Supported in part by research grants from USPHS (GM-18133, A1--10733), the American 
Cancer Society (BC-70), and the Damon Runyon Fund (DRG-- 1 153). 

REFERENCES 

I .  Schairer, H. U., and Overath, P., J. Mol. Biol. 44:209 (1969). 
2. Wilson, G., Rose, S. P., and Fox, C. I-‘., Biochem. Biophys. Res. Commun. 38:617 (1970). 
3. Overath, P., Schairer, H. U., and Stoffel, W., Proc. Nat. Acad. Sci. U.S.A. 67:606 (1970). 
4. Wilson, G., and [:ox, C. F., J.  Mol. Biol. 55:49 (1971). 
5. Overath, P., Hill, 1:. F., and Lamnek-Hirsch, I., Nature New B i d .  234:264 (1971). 



534 Linden, Keith, and Fox 

6 .  Esfahani, M., Limbrick, A. R., Knutton, S., Oka, T., and Wakil, S. J., Proc. Nat. Acad. Sci. 
U.S.A. 68:3180 (1971). 

7. F’ox, C. l:., and Tsukagoshi, N., In “Membrane Research,” (C. I:. Fox, Ed.), p. 145. Academic 
Press, New York (1972). 

8. Steirn, J. M., Tourtellotte, M. E., Reinert, J .  C., McElhaney, R. N., and Rader, R. L., Proc. Nat. 
Acad. Sci. U S A .  63:104 (1969). 

9. Engelman, D. M., J .  Mol. Biol. 47:l 15 (1970). 
10. Reinert, J. C., and Steim, J .  M., Science 168:1580 (1970). 
1 I .  Lyons, J. M., and Asmundson, C. M., J. Amer. Oil Chem. Soc. 42:40 ( 1  965). 
12. Linden, C. D., Wright, K .  L., McConnell, €1. M., and b’os, C. I:., Proc. Nat. Acad. Sci. U.S.A. 

70:2271 (1973). 
13. Shimshick, E. J . ,  and McConnell, H. M., Biochemistry 1 2 2 3 5  I ( 1  973). 
14. Epstein, W., and Fox, C. I:., J .  Bacteriol. 103:273 (1970). 
15. I,’ox, C. t:., Law, J.  H., Tsukagoshi, N., and Wilson, G., Proc. Nat. Acad. Sci. U.S.A. 67:598 (1970). 
16. Davis, B. D., and Mingioli, E. S., J .  Bacteriol. 60:17 (1950). 
17. Tsukagoshi, N., and €:ox, C. I:., Biochemistry 10:3309 (1971). 
18. Hsu, C. C., and Fox, C. F., J .  Bacteriol. 103:410 (1970). 
19. Holub, B. J., and Kuksis, A., Lipids 4:466 (1969). 
20. Arvidson, G. A. E., Eur. J. Biochem. 4:478 ( I  968). 
21. White, D. A., Lennarz, W. J., and Schnaitman, C. A., J. Bacteriol. 109:686 (1972). 
22. Fox, C. F., Proc. Nat. Acad. Sci. U.S.A. 63:850 (1969). 
23. Machtiger, N. A., and Fox, C. F., J. Supramolecular Structure (this issue). 
24. Trduble, H., and Overath, P.,  Biochim. Biophys. Acta 307:491 (1973). 
2 5 .  Silbert, D. I:., Biochemistry 9:3631 (1970). 
26 .  Linden, C. D., and Fox, C. I:., J .  Supramolecular Structure (this issue). 
27. Overath, P., and Triiublc, H., Biochemistry 12:2625 (1973). 
28. Mavis, R. D., Bell, R. M., and Vagelos, P. R., J.  Biol. Chern. 247:2835 (1972). 
29. Chapman, D., and Wallach, D. I,’. H., in “Biological Membranes: Physical [:act and Function,” 

(D. Chapman, Ed.), p. 125. Academic Press, New York (1968). 
30. Ladbrooke, B. D., Williams, R. M., and Chapman, D., Biochim. Biophys. Acta 150:333 (1968). 
31. Phillips, M. C., Williams, R. M., and Chapman, D., Chem. Phys. Lipids 3:234 (1969). 
32. Klotz, 1. M., Science 128:815 (1958). 
33. Jost, P. C., Griffith, 0. I{., Capaldi, R. A., and Vanderkooi, G.,  Proc. Nat. Acad. Sci. U.S.A. 

70:480 (1973). 
34. Jost, P., Capaldi, R. A., Vanderkooi, G., and Griffith, 0. H., J. Supramolecular Structure 

1:269 (1973). 
35. Stier, A. and Sackniann, E., Biochim, Biophys. Acta 31 I :400 (1973). 




