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SUMMARY

A definite and characteristic relationship exicts between growth temperature,
fatty acid compositicn and the fluidity and physical state of the membrane lipids in
wild type Bacillus stearothermophilus. As the environriental temperature is increased,
the proportion of saturated fatty acids found in the membrane lipids is also markedly
increased with a concomitant decrease in the proportion of unsaturated and branched
chain fatty acids. The temperature range over which the gel to liquid-crystalline mem-
brane lipid phase transition occurs is thereby shifted such that the upper boundary of
this transition always lies near (and usually bzlow) the temperature of growth. This
organism thus possesses an effective and sensitive homeoviscous adaptation mecha-
nism which maintains a relatively constant degree of membrane lipid fluidity over a
wide range of environmental temperatures. A mutant of B. stearothermophilus which
has lost the ability to increase the proportion of relatively high melting fatty acids in
the membrane lipids, and thereby increzse the phase transition ternperature in
response to increases in environmental temperature, is also unable to grow at higher
temperatures. An effective homeoviscous regulatory mechanism thus appears to
extend the growth temperature range of the wild type organism and may bz an
essential feature of adaptation to temperature extremes.

Over most of their growth temperature ranges the membrane lipids of wild type
and temperature-sensitive B. stearothermophilus cells exist entirely or nearly entirely in
the liquid-crystalline state. Also, the temperature-sensitive mutant is capable of growth
at temperatures well above those at which the membrane lipid gel to liqu:d-crystaliine
phase transition is completed. Therefore, although other evidence suggests the
existence of an upper limit on the degree of membrane fluidity compatible with cell
growth, the phase transition upper boundary itself dors not directly determine the
maximum growth temperature of this organism. Similarly, the lower boundary does
not determine the minimum growth temperature, since cell growth ceases at a tem-
perature at which most of the membrane lipid still exists in a fluid state. These observa-
tions do not support the suggestion made in an earlier study, which utilized electron
Spin resonance spectroscopy to rnonitor membrane lipid lateral phase separations,
that the minimum and maximum growth temperatures of this organism might be
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directly determined by the svlid-fluid :nembrane lipid phase transition boundarcs.
Evidence is presented here that the electron spin resorance techniques used previously
did not in fact detect the gel to liquid-crystalline phase transition of the Hulk mem-
brane lipids, which, however, can be reliably measured by differential therinal analysis.

INTRODUCTION

Almost all organisms thus far examined possess the ability to vary the fatty
acid composition of their cellular lipids in a characteristic fashion in response to
alterations in the environmentai t¢mperature. Changes in membrane lipid fatty acid
composition as a function of the temperature of growth are particularly evident in the
prokaryotic microorganisms, some of which have become adapted to temperature
extremes ranging from — 10 to nearly 100 °C [1-3]. An increase in environmental
temperature typically results in the production of membrane lipids containing a
relatively higher proportion of saturated fatty acids and a lower propoirtion of unsa-
turated and/or anieisobranched fatty acids. In addition, an increase in the growth
tempsrature often results in the production of membrane lipids whose hydrocarbon
chains have a greater average length (for reviews see refs. 4 and 5). These characteristic
changes in fatty acid composition would be expecied to progressively increase the
tempzrature of the gel to liquid-crystalline phas» transition, which arises from a
cooperative melting of the hydrocarbon chains in tiae interior of a lipid bilayer, as the
growth temperature is increased, and indeed this effect has bzen confirmed experimen-
tally in several microorganisms [6-8)]. These alterations in the phase tran-ition
temperatures would have the effect of minimizing changes in the fluidity and phase
state of the membrane lipids which woul! otherwise accompany alterations in the
environmental temperature. Escherichia coli, for example, is able to maintain the
fluidity of its membrane lipids nearly constaut over its entire growth temperature range
by appropriate alterations in the fatty acidl composition of its membrane lipids, a
process termed “homeoviscous adaptation™ [8]. Since the permeability properties of
the cellular membrane [9] and the activity of certain membrane-bound enzymes
{10-12] and transport systems [13-15] are marked'y dependent on the fluidity and
physical state of the membrane lipids, it seems likely that homeoviscous adaptation
represents an important mechanism for maintaining optimal levels of cell growth over
a wide range of environmental temperatures [5, 16].

Esser and Souza [17] have recently published an interesting study relaiing
membrane lipid fluidity and phase state to maximun: and minimum growth t:m-
peratures of wild type (WT) Bacillis stearothermophilus and of a temperature-
sensitive (TS-13) mutant of 1-is orgarism which is unable to alter its fatty acid com-
position in response to changes in growth temperature in the normal fashion. These
investigators monitored changes in the fluidity and physical state of the lipids in
spheroplast membranes and isolated lipid-water dispersions by electron spin resonance
(ESR) spectroscopy, using both a fatty acid spin labzl and TEMPO, a spin probe
which partitions differentially between water and lipids in the fluid or solid state.
Changes of slope in Arrhenius plots of ESR spectral parameters were interpreted us
“lateral lipid phase separations™. Wild type cells were found to increase the tempera-
tures at which the lateral phase separations were detected in response to increases in
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growth temperature, so that the same physical state of thec membrane was maintained
at all temperatures. Somewhat surprisingly, the TS-13 mutant also exhibited a similar
increase in the lateral phase separation temperature boundaries, despite the fact that
its fatty acid composition was not markedly altered with increasing growth tempera-
tures. These data were interpreted to indicate that the maximum and minimum growth
temperatures of this organism are determined by the onset and conclusion of the
lateral lipid phase separations and that the simultaneous presence of isolated solid and
fluid lipid domains are required for functional membrane assembly. However, the
nature of the “lateral phase separations™ detected in B. stearothermophilus membranes
by ESR spectroscopy were not specified and the conclusions reached in that study are
at variance with previous work on the relationship between membrane lipid physical
state and cell growth in ceriain other microorganisms {6-8, 18-23]. In order to clarify
the nature of the previously observed lateral phase separations and to test the validity
of the conclusions reached, we decided to reinvestigate the relationship between
membrane lipid fluidity and phase state and czll growth in B. stearothermophilus
using differential thermal analysis to detect membrane lipid phase transitions in
spheroplast membranes and isolated membrane lipid. Our results indicate that the
ESR spectroscopy techniques previously utilized did not in fact measure the gel to

liquid-crystalline phase transition of the bulk lipid in B. stearothermophilus mem-
hranes.

MATERIALS AND METHODS

B. atearothermophilus, strain YTG-2, and a temperature-sensitive mutant
(TS-13) derived from nitrosoguanidine-treated YTG-2, were used throughout this
study. The taxonomic characteristics of strain YTG-2, growth conditicns, mutant
isolation procedure and the extraction and fatty acid analysis of the membrane lipids
have been described in detail elsewhere [24]. Spheroplast membranes were prepared
by the procedure of Wisdom and Welker [25].

The differential thermal analysis of both the sphsroplast membranes and
distilled water dispersions of the total membrane lipids were carried out with a Dupont
900 Thermal Analyzer essentially as previously described [9). The macro heating
block was utilized with glass beads in the control weii and distilled water as the
reference material in order to minimize initial baseline drift. Heating and cooling
rates of 5-15 °C per min were used with an instrumental sensitivity setting of 0.1 °C
per inch (membranes) or 0.2 °C per inch (lipid dispersions). The lower and upper
boundaries of the membrane lipid phase transition were taken as the temperatures at
which the differential thermal analysis thermogram starts to depart from and returns
to the baseline, respectively. The midpoint of the phase transition was defined as the
temperature at which one-half of the membrane lipid had been converted from the
gel to the liquid-crystalline state, as determined from a planimetric measurement of the
thermogram peak area.

The enthalpies of the merahrane lipid phase transitions were also measured on
a DuPont 900 Thermal Analyzer equipped with a differential scanning calorimetry
cell. The enthalpy was determined from a planimetric measurement of the transition
peak area after establishing the calibration coefficient using synthetic phospholipids
and the total membrane lipids from Acholeplasma laidlawii B as standards.
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RESULTS

Relation of cell growth to environmental temperature

The rates of growth of both WT and T8-13 cells of B. stearothermophilus,
expressed as generations per h, as a function of environmental temperature are
presented. in Fig. 1. WT cells exhibit a growth temperature profile characteristic of
thermophilic prokaryotic microorganisms, with mirimum, optiranum and maximum
growth temperatures of 37, 65 and 72 °C, respectively. In contrast, TS-13 cells are
unable to grow at the upper end of the WT growilh temperature range but appear to
grow normally at temperatures below about 50 °C. The minimam growth tempera-
tures of TS-13 and WT cells are the same, indicating that the erntire growth range of
TS-13 cells has not shifted to lower temperatures. However, the optimum growth
temperature of the TS8-13 cells is depressed to about 38 °C. The decline of cell growth
with increasing temperature above about 50 °C is very marked in the TS-13 cells,
which are unable to grow and eventually lyse at temperatures of 60 °C or higher.
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Fig. 1. Growth rate, ¢xpressed as generations per h, as a function of temperature for (@), WT; and
{QO), T5-13 cells grown agrobically in 1 %{ tryptic Soy Broth.

Relation of fatty acid composition to growth temperature

The fatty acid compositions of the membrane lipids of WT and TS-13 cells of
B. stearothermophilus grown at various temperatures are shown in Tab' 1. WT cells
exaibit the expecied shifts in fatty acid composition in response to charges in environ-
mental temperature over the entire growth temperature range studied As the growth
temperature is increased the proportion of the relatively high melting point saturated
fatty acids, particularly palmitic acid, increases markedly while the proportion of the
lower melting unsiturated and anteisobranched fatty acids also decreases markedly.
The proportion of the isobranched fatty acids, which have intermuediate melting points,
tends to decrease slightly with increasing growth temperature. The net result of these
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TABLE 1

THE FATTY ACID COMPOSITION OF WT AND TS-13 CELLS GROWN AT VARIOUS
TEMPERATURES

Values are expressed as percent of total fatty acids. Averages of at least four determinations repre-
senting two different cell batches and two analyses of each are reported.

Fatty acid TS-13 WwWT

*
methylesters™  JneCc s2°C s8°C 42°C  52°C  S8°C  65°C
Unidentified tr tr tr tr tr tr tr
14 : ¢i 2.2 24 2.5 1.5 1.7 1.7 1.2
14:0 3.6 4.2 4.5 2.5 4.4 5.7 6.6
15:0: 14.2 13.2 17.4 15.4 10.3 w7 10.1
15:0a 3.5 3.9 4.0 4.0 34 2.5 2.3
15:0 34 4.3 3.8 34 29 2.2 22
16 : 0i 233 22.6 19.7 21.0 21.6 21.0 16.7
16 : 0a 1.9 tr tr 1.8 tr tr tr
16:0 12.1 20.0 20.8 8.9 28.4 34.3 44.3
16 : 1 11.2 6.6 2.6 9.3 5.9 3.3 tr
17 :0i 52 6.9 8.6 6.0 6.9 5.1 4.9
17 :0a 9.3 10.8 12.8 14.0 9.0 5.8 4.5
17:0 1.6 1.9 1.8 1.8 1.8 1.2 tr
Unidentified tr tr tr tr tr {3 tr
IR:0 4.4 2.1 2.0 4.1 2.1 2.5 2.7
18:1 24 tr tr 2.1 2.2 2.5 1.%
Unidentified r tr tr tr tr tr tr

* Number of carbon atoms: number of double bonds; i, iso; a, anteiso.
tr, trace, << 1.0 9.

characteristic alterations in faity acid composition is to produce membrane lipids
which are progressively enriched in the relatively higher-melting fatty acyl species at
higher environmental temperaturas.

At a growth temperature of 42 °C, the fatty acid composition of the TS-13
cells is rather similar to that of the WT. However, increasing the growth temperature
to 52 °C does not produce as great a shift in the fatty acid spectrum as noted in WT
cells. Although the proportion of saturated fatty acid in TS-13 cells increases some-
what, this change is not as pronounced as normally observed. Also, although the
proportion of unsaturated fatty acid falls markedly, the proportion of iso- and
anteisobranched fatty acids actually increases with temperature, in contrast to the
WT strain. Increasing the growth temperature of TS-13 cells to 58 °C results in little
additional change in fatty acid composition. Thus, the TS-13 mutant is capable only
of producing membrane lipids which are slightly enriched in the higher melting fatty
acids as the tempsrature is increased over the lower temperature portion of the growth
temperature range, and loses the ability to regulate its fatty acid composition entirely
in the upper portion of the growth temperature range.

Relation of the physical state of the membrane lipids to the growth temperature
Temperature-base thermograms of aqueous dispersions of the total membrane
lipids, extracted from isolated spheroplast membranes of WT and TS-13 B. stearo-
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Fig. 2. Temperature-hase thermograms of aqueous dispersions of the total membrane lipids extracted
from isclated sphergplast membranes of WT and TS-13 B. stearothermopiiifus ce:lls grown at several
temperarures. The teraperatur: differentials between the lipid-water dispersions and the inert reference
material are plotted as a function of the temperature of the reference, using i heating rate of 5 °C/min.
The lower boundary, transition midpoint and upper boundary of each phase traunsition are denoted
by arrows and the symbols T, Tw and T;, respectively. Cooling the samples at 5 “C/min results in
essentially identica! (but exothermic) curves, except that the entire transition is shifted by 2-3 °C to
tower temnperatures. ‘The thermogram at the bottom of the figure is of an aqueous dispersion of the
total membrane lipids of TS-13 cells mixed with an equal weight of cholzsterol.

thermophilus cells grown at several temperatures, are preseated in Fig. 2. These
thermograms depict the gel to liquid-crystalline phase transitions of the membrane
lipids, which under these conditions are known to exist as multilamellar bifayers
separated by water-filled spaces [26]. These lipid phase transitions hav: the following
properties: (i) the transitions are thermotropic and (ii) they are completely reversible
upon sample cooling; (iii) the transition temperature shows the expected dependence
on the fatty acid compositions of the membrane lipids; (iv) the phasc transition
enthalpies are of the order of 4 cal/g, similar to those noted for other biological lipid-
water dispersions [6, 7, 27, 28]; and (v) the phase transition can be broadened and
eventually abolished by adding cholesterol to the membrane lipid-water dispersion.
These phase trarsitions or lateral phase separations are all rather broad, extending
over a range of roughly 25-345 °C. This broadness is due to the heterogeneous nawure
of the polar headgroups and fatty acids of the B. stearothermophilus membrane lipids.
At temperatures below the lower boundary of the phase transition (7)., the lipids
exis. entirely in the gel state; at temperatures above the upper boundary of the transi-
tion (T), all the iipids are in the liquid-crystalline state. At temperatures within the
phase transition temperature riange, various proportions of gel and liquid-crystalline
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Fig. 3. Temperature-base thermograms of isolated spheroplast membranes derived from WT and
TS-13 B. srearothermopitilus cells grown at several different temperatures. The temperature differen-
tials between the lipid-water dispersions and the inert reference material are plotted as a function of
the temperature of the reference, using a heating rate of 7.5 °C/min. The lower boundary, transition
midpoint and upper boundary of each phuse transition are denoted by arrows and the symbols
7.. Tm and T,, respectively. Cooling the samples at 7.5 °C/min results in essentially identical (but
exothermic) curves, except that the entire transition is shified by 2-3 °C to lower temperatures.

phases exist simultaneously, so that the lipid bilayers are heterogeneous with respzct to
their physical state [29]. In WT membrane lipid-water dispersions, the lower and
upper boundaries of the phase transition and the phase transition midpoints (7},) are
progressively shifted to higher temperatures as the temperature of growth is increased.
In contrast, the position of the phase transitions of the TS-13 membrane lipid prepara-
tions changes little with increases in the growth temperature.

Temperature-base thermograms of the isolated spheroplast membranes,
derived from WT and TS-13 B. stearothermophilus cells grown at several temperatures,
are shown in Fig. 3. Since the transitions detected by differential thermal analysis in
the intact membranes are very similar in all respects ¢o those observed for the corre-
sponding membrane lipid-water dispersions, we believe that these thermograms are
accurately depicting the gel to liquid-crystalline phase transition of the lipids in the
isolated membranes. In particular, the similar heats of transition noted in both the
membranes and lipid-water samples indicate that the bulk of the lipids in the sphero-
plast membranes are participating in the gel to liquid-crystalline phase transition. As
can be noted in Table 1I, the lower and upper boundaries and the midpoints of the
phase transitions are essentially the same, within experimental error, for the intact
membranes and the corresponding membrane lipid-water dispersions, indicating that
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FTABLE II

A summary of the membrane lipid phase transition temperalures, as detected by differential thermal
unalysis and electron spin resonance spectioscopy, of spheroplast membranes and isolated lipid-
water dispersions from WT and TS-13 B. stearothermophilus cells grown at various temperatures.
‘The results are expressed in °C.

Cell Growth Differential thermal analysis Electron spin resonance
type temperature spectroscopy*
yp P ur Membranes Lipids pe Py
Membranes Lipids
Ts-T1 Tm Ts-TI Tm Ts-TI Ts-Tl

WwWT 4?2 15-40 31 1540 31 3745 -

52 20-52 41 19-51 40 40-52 —

58 25-64 50 24-62 48 50-58 —

65 24-65 55 27-62 53 58-65 30--63
TS-13 42 20-41 30 13-42 27 42-45 —

52 20-40 32 20-44 31 52--58 -

58 2040 30 17-42 28 52-58 —_

* Data taken from Esser and Soura [17].

the membrane proteins do not significantly alter the thermal properties of the bulk of
the membrane lipids. As noted in the lipid-water dispersions, lipid phase transitions
occurring in the spheroplast membranes are broad, and the entire phase transition is
shifted to higher temperatures as the growth temperature is increased only in the case
of the WT cells.

A definite and consistent relationship exists between the fluidity and phase
transition temperatures of the membrane lipids and the growth temperature in WT
B. stearothermophilus cells. As the growth temperature is increased a corresponding
increase in the temperatures of the phase transition midpoint and upper boundary is
noted (see Table II). The lower boundary of the phase transition is also shifted
upward, although to a lesser extent, so that the phase transitions tend to become
broader at higher growth temperatures. The proportional increase in the phase
transition midpoint and upper boundary temperatures with increases in the tempera-
ture of growth is particularly striking. As the growth temperature is raised from 42 to
65 °C (an increase of 23 °C) the phase transition midpoint tempsrature increases
from 31 to 53-55 °C (an increase of 22-24 °C) and the upper boundary temperature
increases from 40 to 62-64 °C (alsc an increase of 22-24 °C). This excellent correla-
tion bstween the growth temperature and the position of the gel to liquid-crystalline
membrane lipid phase transition indicates that WT B. stearothermophilus cells possess
a very efficient mechanism for homeoviscous adaptaticn through variation in the
fatty acid composition of the membrane lipids. It is also clear that over most of the
growth temperature range WT cells prefer to grow near but slightly above the upper
boundary o the membrane lipid phase transition, so that essentially ali of the mem-
brane lipids exist in the liquid-crystalline state at the grovith temperature. WT cells
maintained at 58 °C, however, are growing slightly below the upper boundary of the
phase transition, but even in this case the great majority of the membrane lipid is in a
fluid state. It should be noted that the minimum growth temperature of this organism
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of 37 °C falls well above the lower toundary of the gel to liquid-crystalline phase
transition. Also, the maximum growth temperature of WT cells usually falls slightly
above the upper boundary of the lipicl phase transition, although the organism does
shift the position of this transition such that the upper boundary falls near the tem-
perature of growth.

In contrast to WT cells, the membrane lipid phase transition midpoints and
boundaries are not appreciably altered as the growth temperature of the TS-13 cells is
increased (see Table II). This observation is not surprising in view of the inability of
these cells to alter their fatty acid composition in the characteristic manner as a -
function of the temperature of growth. It is of interest to note that from 42 to 52 °C,
the TS-13 mutant grows nearly as well as the WT cells despite the fact that at 52 °C the
midpoint and upper boundaries of the TS-13 membrane lipid phase transition occur
about 10 °C below that of the WT cells. This result strongly suggests that B. srearo-
thermophilus cell membranes are capable of normal function at temperatures com-
pletely above the phase transition temperature range and demonstrates that the upper
boundary of the gel to liquid-crystalline rnembrane lipid phase transition per se does
not directly determine the maximum growth temperature, at least in TS-13 cells.
However, if the environmental temperature is raised still farther above the static
position of the TS-13 membrane lipid phase transition, the rate of increase of cell
growth with environmental temperature slows and cell growth ceases abruptly whan
the environmental temperature exceeds the upper boundary and midpoint of the phase
transition by about 18-19 °C and 28-30 °C, respectively. This latter result implies that
an upper limit exists on the degree of membrane lipid fluidity which is compatible with
cell growth and suggests that the process of homeoviscous adaptation serves to extend
the growth temperature range in WT cells,

Comparison of the phase transition detected by differential thermeal analysis and electron
spin resoncnce spectroscopy

The membrane lipid phase trarsitions monitored by differential thermal
analysis in the present study arec compared with the lateral phase separations detected
by ESR spectroscopy in the previous study by Esser and Souza [17] in Table 11. For
the WT spheroplast membrane preparations, the ESR technique indicates a rather
narrow phase separation encompassing a range of 7-12 °C, which is centered at a
higher temperature than the gel to liquid-crystalline phase transition detected by
differential thermal analysis. The onset of the lateral phase separation detected by
ESR occurs between the transition midpoint and upper boundary temperature of the
thermograms. In the case of the TS-13 spheroplast membranes, the ESR transition is
even narrower, encompassing a range of only 3-6 °C, and cccurs at temperatures
completely above the membrane lipid phase transitions monitored by differential
thermal analysis. However, the ESR technique reports a much broader lateral phase
separation centered at lower temperatures in the isolated membrane lipids from WT
cells grown at 65 °C, in excellent agreement with the phase transition detected by
differential thermal analysis. The marked difference between the lateral phase separa-
tions detected by ESR in membranes and lipid dispersions was ascribed by Esser and
Souza [17]to the ordering influence of the membrane proteins. However, this explana-
tion appears unlikely since studies on model systems indicate that hydrophobic lipid-
protein interactions generally decrease the cooperativity of the lipid-lipid fatty acyl
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chain inte1actions and thus tend to lower and broaden the gel to liquid-crystalline
membrane lipid phase transitions, not to raise and sharpen them [6, 7, 28, 29]. In
view of the evidence presented earlier that differential thermal analysis does accurately
reflect the zel to liquid-crystalline phase transition of the bulk membrane lipids of this
and other organisms, the most likely explanation for all of the above resuuts is that the
ESR technique is in fact not monitoring a solid-fluid lateral phase separation of the
bulk of the membrane lipids. This conclusion is strengthened by the observation that
the fatty acid spin label probe indicates that the phase transition temperatu-e increases
to a similar ¢xtent in both WT and TS-13 cells, whereas the faity acid and thermal
analytical phase transition data indicates that this should not bz the case. These
results suggest that the ESR technique is sensing some process which is depandent on

the growth temperature but not on the fatty acid composition or “melting” properties
of the membrane lipids.

DISCUSSIONM

The relations observed batween the fluidity and physical state of the membrane
lipids and the ability of B. stearothermophilus to grow at various temperatures are
generally similar to those previously reported for the mesophilic microorganisms
A. laidlawii B [19, 207 and E. coli [13, 30]. The absolute minimum growth tempera-
tures of A. laidlawii and E. coli are not defined by the fatty acid compositions cf the
membrane lipids when cells are enriched in fatty acids giving rise to gel to liquid-
crystalline membrane lipid phase transitions whose lower boundaries fall below this
temperature. The cold denaturation of one or more enzymes or regulatory proteins
probably determines the absolute minimum growth temperature of these organisins,
as may also be the case with B. stearothermophilus. However, in A. laidlawii and vn-
saturated fatty acid auxotrophs of E. cofi, the elevated minimum growth temperatures
of celis enrichied in 1 latively high-melting fatty acids is clearly limited by the lowcr
boundary of the membrane lipid phase transition. Thus, although it is highly probably
that B. stearothermophilus would also not be able to grow if its membrane lipids
existed entirely or nearly entirely in the gel state, the growth of this organism has
already ceased at temperatures well above those needed to completely solidify the
membrane lipid. The optimum and maximum growth temperatures of 4. laidlawii and
E. coli are also influenced indirectly by the physicai state of th: membrane lipids,
being significantly reduced for cells having a membrane lipid phase transition centered
at low temperatures. This apparent upper limit to the fluidity of the membrane lipid
may arise from an excessively “leaky’” membrane, a structurally unstable lipid bilayer.
or an inability of excessively fluid lipid to stabilize certain membrane proteins in a
functional configuration (see ref. 5). Again, a similar situation seems to obtain for
TS-13 B, stearothermophilus cells. However, both A. laidlawii and E. coli unsaturated
fatty acid auxotrophs are capable of normal growth at temperatures above the upper
boundaries of the inembrane lipid phase transitions, again as noted here with B.
stearothermophilus 'CS-13 cells. Wild type E. coli and Micrococcus lysodeikticus cells in
fact adjust the physical state of their membrane lipids so that they exist entirely in the
liquid-crystalline state at the temperature of growth |7, 8, 28].

The marked differences noted bstween the membrane lipid phase transition
detected by differential thermal analysis in the present study and the lateral phase
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separations measured with a fatty acid spin label probe underlines the need for caution
in the interpretation of phase transition data gathered by secondary techniques such as
ESR spectroscopy. A substantial amount of evidence exists that lipid spin probes can
perturb and *‘fluidize™ local environments in various lipid-water model systems [31].
Nitroxide derivatives of stearic acid and cholesterol occupy a much greater area per
molecule when spread as monolayers at the air-water interface than do stearic acid or
cholestero! under similar conditions {32). Thus 5- and 12-pitroxide stearic acids in
phospholipid monomolecular fiilms under membrane-like conditions should read too
high a fluidity [33). This prediction is borne out by the recent experimental demonstra-
tion that various spin probes tumble freely in lipid multilayers at temperatures where
the bulk lipid is solid [34]. The fact that the nitroxide group imports additional
polarity as well as bulk to fatty acid molecules may also limit the usefulness of these
spin labzsl probes, particularly in studies on biological membranes. The ability of 5-
and 1z-nitroxide stearic acid to adept ben:. configurations in lipid monomolecular
films, with the nitroxide as well as the carboxy! group being located in the aqueous
phase, could produce misleading results [33, 35). Finally, the tendency of (atty acid
spin probes to become localized in ncu-rcpresentative local domains introduces still
another complicating factor which must be considered in interpreting ESR studies of
model and natural membranes [29, 35].

Esser and Souza [16] have recently attempted to reconcile the ESR and dif-
ferential thermal analysis data on B. stearoihermophilus spheroplast membranes and
membrane lipid-water dispersions by suggesting that the fatty acid spin probz may be
reperting a “‘demixing’™ of different lipid classes within the same phase and not the
conversion of a solid to a liquid phase. Evidence for fluid-iluid immiscibility in a
binary mixture of dipalmitoylphosphatidylethanolamine and dielaidoyiphosphatidyi-
chgline in specified temperature and composition ranges has in fact recently bzen
reported [36). However, since only one of a number of binary mixtures exhibited this
beshavior and since phospholipids in biological membranes have very different
distributions of fatty acids from the synthetic phospholipids utilizzd in that study, the
biological relevance of this finding is unclear. Although a similar phenomenon could
well occur in B. stearothermophilus membranes, one would have to make the additio-
nal postulate that this immiscibility is conferred upon the lipid phase by the mem-
brane proteins, since such a fluid-fluid phase separation is not detected in membrane
lipid-water dispessions, It is also possible that the fatty acid spin probe is preferentially
lTocalized in the boundary or halo lipid region [37, 3¢] and is reporting changes in
lipid-protein interactions. Alternatively, the apparent phase separations noted in the
intact membranes could be due to the anomalous bzhavior of the probe molecule and
may not refleci the behavior of the native membrane lipid. Until the nature of the
phenomenon being reported by the fatty acid. spin probsz is clarified, interpretation of
this data remains difficult. The results of the present study again emphasize the need to
interpret ESR vxyariments on biological membranes with caution and underlines the
need to apply ESR in conjunction with other physical methods, even if the spin probs
appears to bzhave in the expected manner in lipid-water model systems.

ACKNOWLEDGEMENT

This work was supported in part by a grant (MT-4261) to R.N.M. from the
Medical Research Council of Canada.



359

REFERENCES

1
2
3
4
5

)

38

Brock, T. D. (1967) Science 158, 1012-1019

Babel, W., Rosenthal, H. A. and Rapaport, S. (1972) Acta Biol. Med. Ger. 23, 565-576
Morita, R. Y. (1975) Bacteriol. Rev. 39, 144-167

Chapman, D, (1967) ia Thermobiology (Ross, A. H., ed.), Academic Press, London
McElhaney, K. N. (1975) in Extreme Eavironments: Mechanisms of Microbial Adaptition
(Heinrich, M. R, ed.), Academic Press, New York, in the press

Steim, J. M., Tourtellotte, M. E., Reinert, J. C., McElhaney, R. N. and Rader, R. L. (:969)
Proc. Natl. Acad. Sci. U.S. 63, 104109

Steim, J. M. (1970) in Liquid Trystals and Ordered Fluids (Parker, R. S. an«d Jchnson, J. F., ods.),
pp. 1-11, Plenum, New York

Sinensky, M. (1974) Proc. Natl. Acad. Sci. U.S. 71, 522-525

McEliansy, R. N., DeGier, J. and Van der Neut-Kok, E. C. M. (1973) Biochim. Biophys. A ta
298, 500-512

Coleman. R. (1973) Biochim. Biophys. Acta 300, 1 -30

De Kruyst, B., Van Dijk, P. W. M., Goldbach, R. W., Demel, R. A. and Van Deencn, L. .. M.
(1973) Biochim. Biophys. Actc 330, 269-282

Kimelkerg, H. K. and Papahadjopoulos, D. (1974) J. Biol. Chem. 24%. 10711080

Overath, P., Schairer, H. U. ard Stoffel, W. (1970) Proc. Natl. Acad. Sci. U.S. 67, 606-612
Machtiger, N. A. and Fox, C. F. (1973) Annu. Rev. Biochem. 42, 575-600

Read, B. D. and McElhaney, R. N. (1975) J. Bacteriol. 123, 47-55

Esser, A. F. and Souza, K. A. (1975) in Extreme Environments: Mechanisms of Microbial
Adaptation (Heinrich, M. R., ed.), Academic Press, New York, in the press

Esser, A. F. and Souza, K. A. (1974) Proc. Natl. Acad. Sci. U.S. 71, 4111-4115

Engelman, D. M. (1971) J. Mol. Biol. 58, 153-165

McElhaney, R. N. (1974) J. Mol. Biol. 84, 145-157

McElthaney, R. N. (1974) J. Supramol. Struct. 2, 617-€28

Linden, C. D., Keith, A. D. and Fox, €. F. (1973) J. Supramel. Struct. t, 523-534

Linden, C. D., Wright, K. L., McConnell, H. M. and Fox, C. F. (1973) Proc. Natl. Acad. Sci.
U.S. 70, 2271-2275

Shechter, E., Letellier, L. and Gulki-Krzywicki, T. (1974) Eur. J. Biochem. 49, 61-76

Souza, K. A., Kosiiw, L. L. and Tyson, B. J. (1974) Arch. Miciobiol. 97, 89-102

Wisdom, C. and Welker, N. E. (1973) J. Bacteriol. 114, 1336-1345

Reiss-Husson, F. and Luzzati, V (1967) Adv. Biol. Med. Phys. 11, 87-107

Melchior, D. L., Morowitz, H. J., Sturtevant, J. M. and Tsong, T. Y. (1970) Eiochim. Biophys.
Acta 219, 114-122

Ash, G. B. and Steim, J. M. (1971) Biochim. Biophys. Acta 233, 810-814

Oldfield, E. and Chapman, D. (1972) FEBS Lett. 23, 285-297

Tsukagoshi, N. and Fox, C. F. (1973) Biochemistry 12, 2816-2821

Kaith, A. D., Sharnoff, M. and Cohn, G. E. (1973) Biochim. Biophys. Acta 30, 279-419
Cadenhead, D. A. and Katti, S. S. (1971) Biochim. Biophys. Acta 241, 709-712

Cadenhead, D. A.. Kellner, B. M. J. and Muller-Landau, F. {1975) Biochim. Biophys. Acta
382, 253-259

Mcehlhorn, R., Snipes, W. and Keith, A. D. (1973) Biophys. J. 13, 12231231

Tinoco, F., Ghosh, D. ard Keith, A. D. (1972) Biochim. Biophys. Acta 274, 279-285

Wuy, S. H. and McConnell, H. M. (1975) Biochemistry 14, 847-854

Jozct, P. C., Griffith, O. H., Capaldi, R. A. and Vanderkooi, G. (1973) Proc. Natl. Acad. Sci.
U.S. 70, 480484

Trauble, H. and Overath, P. (1973) Biochim. Biophys. Acta 307, 481-512



