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Abstract

The relationship between phospholipid saturation and membrane physical structure in a complex, highly polyunsaturated
Ž .biological membrane trout liver microsomes has been studied by the graded and specific hydrogenation of polyunsaturated

Ž .fatty acids. The homogeneous catalyst Pd QS caused rapid and effective hydrogenation, increasing the proportion of2

saturated fatty acids from 20–30% up to 60%, without loss or fragmentation. Long chain, polyunsaturated fatty acids
Ž .20:5v3, 22:6v3 were rapidly converted to a large number of partially hydrogenated isomers, and ultimately to the fully
saturated C20 or C22 fatty acids. C18 mono- and di-unsaturates showed slower rates of hydrogenation. Increased saturation
was closely associated with an increased membrane physical order as determined by the fluorescence anisotropy probe,
1,6-diphenyl-1,3,5-hexatriene. However, extensive hydrogenation led to highly ordered membranes exhibiting a gel-liquid
crystalline phase transition between 30 and 608C. Polyunsaturated membranes can thus be converted into partially or
substantially saturated membranes with measurable phase structure without direct alteration of other membrane components.
This offers a less equivocal means of assessing the influence of polyunsaturation upon membrane structure and function.
q 1998 Elsevier Science B.V.
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1. Introduction

Biological membranes are composed of phospho-
lipids containing mixtures of saturated and unsatu-
rated fatty acids. The phase structure and degree of

Abbreviations: DPH, 1,6-diphenyl-1,3,5-hexatriene; PC, phos-
phatidylcholine; PE, phosphatidylethanolamine; PUFA, poly-

Ž . Žunsaturated fatty acid; Pd QS , palladium di sodium alizarin-2
.monosulfonate
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molecular disorder of these membranes is heavily
dependent upon the exact balance of fatty acids, with
unsaturation generally causing hydrocarbon disorder
by the steric hindrance of attractive lipid–lipid inter-

w xactions 1 . This knowledge has been built up largely
using model membranes composed of simple lipid
mixtures. Biological membranes are composed of
more complex mixtures, especially in higher animals
and plants, yet comparatively little effort has gone
into understanding how this complexity relates to
structural and functional properties of these mem-
branes. In particular, the extensive polyunsaturation
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of membrane fatty acids seen in animal membranes
lacks an adequate explanation. Studies of polyunsatu-
rated fatty acids in model membranes have suggested
that physical structure is influenced more by the
proportion of unsaturated fatty acids than by the
degree of unsaturation of the unsaturated fatty acids.

Several methods have been employed to alter fatty
acid saturation, including the manipulation of fatty
acid biosynthesis, membrane delipidation and recon-
stitution experiments and dietary supplementation.
However, with all of these methods, it is not possible
to exclude contributions from an altered protein com-
plement or composition, altered lipid-headgroup dis-
tribution and other aspects of membrane composition.
Recent approaches to the regulation of gene transcrip-
tion in response to altered membrane physical struc-
ture requires an ability to manipulate bilayer structure
and lipid saturation without altering other compo-

w xnents 2,3 .
One direct method of manipulating lipid saturation

without affecting other membrane components is the
direct in situ chemical hydrogenation of unsaturated

Ž .membrane fatty acids using catalysts. Pd QS , the2
Ž .palladium II complex of sodium alizarine mono-
w xsulphonate 4 , has been used to hydrogenate model
w x w xmembranes 5 , microsomes 6 , isolated organelles

w x w x7 and the membranes of isolated living cells 8,9 . It
is highly substrate specific since hydrogenation of
chloroplasts proceeds with the reduction of C5C
bonds in membrane fatty acids but not in the neutral
lipid chlorophylls, carotenoids and plastoquinones
w x10 . Oxo acids such as pyruvate are also not hydro-
genated and there are no reports concerning satura-
tion of double bonds of other non-lipid compounds.

Biological studies with the homogeneous catalyst
Ž .Pd QS have used membranes from plants, micro-2

w xorganisms and mammals 7,12,13 . No studies have
as yet been performed on fish membranes which,
unlike the other groups, possess large proportions of

Ž .long chain polyunsaturated fatty acids PUFA’s such
as 20:5v3 and 22:6v3. The abundance of PUFA’s
enables fish membranes to be progressively hydro-
genated producing membranes with the full range of
acyl group unsaturation. We show here that fish liver
microsomes may be progressively and substantially

Ž .hydrogenated by Pd QS and we have defined the2

conditions giving optimal catalysis. Hydrogenation of
the long chain C20 and C22 fatty acids was particu-

larly rapid and complete hydrogenation was achieved
without any fragmentation or loss of fatty acids.
Finally, we show that hydrogenation was associated
with large increases in bilayer lipid order and with
the appearance of gel phase, as measured by fluores-
cence anisotropy using the membrane probe, 1,6-di-

Ž .phenyl-1,3,5-hexatriene DPH .

2. Materials and methods

2.1. Materials

Ž .DPH 1,6-diphenyl-1,3,5-hexatriene was ordered
Ž . Ž .from Molecular Probes Eugene, OR . Pd QS was2

synthesised by F. Joo according to methods described´
w xelsewhere 11 .

2.2. Animals

Ž .Trout 0.4–0.5 kg were obtained from a commer-
Ž .cial fish farm Chirk Fisheries, Clywd, Wales and

kept at 12"18C for several weeks prior to the
Ž .investigation. Carp Cyprinus carpio, 0.3–0.7 kg

were obtained locally and maintained at 30"18C for
several weeks. Fish were fed ad libitum once daily
with standard feed pellets, sizes 110 for trout and 50

Ž Ž . .for carp Trouw UK , Longridge, Preston . The
Antarctic fish species Dissostichus mawsoni were
caught at McMurdo Sound, Antarctica, and kept at
-y18C.

2.3. LiÕer microsome preparation

Endoplasmic reticulum membranes were prepared
from liver by modification of the method of Wodtke

w xand Cossins 14 . Liver was minced, blended, ho-
mogenised by 8 passes of a glass-Teflon homogeniser

Ž .in 5 vol wrv of 250 mM sucrose, 20 mM HEPES,
pH 7.4 and centrifuged for 30 min at 10 000=g and

Ž .48C J2-21 centrifuge, JA.20 rotor, Beckman . The
resulting supernatant, to which was added 0.15 ml of
CsCl for every 10 ml, was then centrifuged for 90 min

Žat 120 000=g and 48C Ultra Pro 80 centrifuge, T
.865 titanium fixed angle rotor, Sorval . The upper

microsomal pellet was resuspended in a small volume
of buffer and then centrifuged at 14 000 rpm for 2 min
to pellet any remaining glycogen.
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Fig. 1. The effects of catalytic hydrogenation on the fatty acid profile of trout liver microsomes. Gas chromatograms show fatty acid
Ž .methyl esters from phosphatidylcholine, PC. ts time of hydrogenation. The Pd QS concentration used was 0.2 mgrml. Note the2

Ž .disappearance of 22:6v3 and 20:5v3 with hydrogenation and the appearance of a broad series of peaks of lower unsaturation arrows .
Further hydrogenation eventually leads to the predominance of the 20:0 and 22:0 saturates. The corresponding fatty acid data is shown in
Table 1.
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2.4. Hydrogenation procedure

Hydrogenation reactions were performed using
Žglass, hydrogen-filled tonometers Eschweiler, Keil,

.Germany suspended in a temperature-controlled wa-
ter bath. Unless otherwise stated, reactions were car-
ried out at 258C. Two tonometers were used for each
reaction, one for catalyst pre-activation and the other
for the reaction itself. Microsomal concentrations of

Ž .1.0 mg proteinrml and Pd QS catalyst concentra-2

tions of 0.1 and 0.2 mgrml were used.
For the reaction, a volume of degassed hydrogena-

Ž .tion buffer 10 mM sodium phosphate, pH 6.5 and a
homogeneous sample of liver microsomes were added
to the reaction tonometer while degassed catalyst
solution was added to the preactivation tonometer.

Ž .When Pd QS pretreatment was complete, as indi-2

cated by a red to yellowrbrown colour change of the
w xsemi-hydrogenated, catalytically active complex 11 ,

the catalyst was transferred to the reaction tonometer
to initiate the reaction. At specific time intervals,
samples of hydrogenated microsomes were with-
drawn and pipetted into large glass test tubes where
they were quickly shaken to re-oxidise the catalyst
and stop the reaction.

2.5. Measurement of membrane physical properties

Membrane order was determined by steady-state
fluorescence polarization using the probe DPH on a

w xT-format fluorometer as described previously 15 .

2.6. Lipid extraction and fatty acid analysis

Extraction of the total lipid fraction of the micro-
somal preparations and separation, isolation and
transmethylation of the major phospholipid classes
Žphosphatidylcholine, PC, and phosphatidylethano-

.lamine, PE was performed as described previously
w x16 . The fatty acid methyl esters were analysed by

Žgas-liquid chromatography 610 Series F.I.D. gas
.chromatograph, ATI Unicam, Cambridge on a free

fatty acid phase fused silica capillary column, 30 m=
Ž .0.25 mm J and W Scientific, PhaseSep, Clwyd . The

methyl esters were identified by comparing peak
retention times to those of known standards whose
identity had been confirmed by mass spectrometry.

3. Results

3.1. Effect of catalytic hydrogenation on membrane
fatty acid composition

The effects of hydrogenation time upon the fatty
acid composition of trout liver microsomes, PC frac-
tion, are illustrated as a series of chromatograms in
Fig. 1 with the corresponding calculated fatty acid
composition in Table 1. Catalyst concentration was
0.2 mgrml. The long chain PUFA’s were particularly
affected by hydrogenation. After just 1 min of hydro-
genation, the percentage of 22:6v3 in PC was re-

Ž .duced to one fifth 36.7–7.4% and 22:5v3 had

Table 1
Changes in the fatty acid composition of trout liver microsomes
during hydrogenation

Ž .Fatty acid Hydrogenation time min

Control 1 3 10 30

14:0 1.9 1.8 1.8 1.7 1.8
16:0 26.9 25.8 26.4 25.8 26.7
16:1v7 1.9 1.8 1.6 1.4 0.9
18:0 3.6 4.6 6.1 8.4 11.1
18:1 16.0 16.5 15.6 13.8 10.4
18:2v6 3.0 1.9 1.1 0.8 0.6
20:0 y 0.4 0.9 2.3 3.9
20:1 0.7 1.9 2.7 3.7 3.4
20:2v6 0.3 y y y y
20: x y 6.2 5.1 4.3 1.9
20:4v6 1.2 0.9 0.5 0.5 0.3
20:5v3 6.1 1.3 0.8 0.4 0.1
22:0 y 0.5 2.1 6.1 13.4
22:1 y 1.7 6.5 12.7 16.0
22: x y 27.2 24.0 15.6 8.7
22:5v3 1.6 y y y y
22:6v3 36.7 7.4 4.8 2.3 0.9

% sat 32.4 33.1 37.3 44.5 56.9
% unsat 67.6 66.9 62.7 55.5 43.1
satrunsat 0.48 0.50 0.60 0.80 1.32
% MUFA’s 18.6 22.0 26.4 31.6 30.6
% PUFA’s 49.0 44.9 36.2 24.0 12.5

Data are for phosphatidylcholine, PC, fatty acids following hy-
Ž .drogenation at a Pd QS concentration of 0.2 mgrml. Values are2

given as wt.% of the total fatty acid composition for each sample.
The unidentifiable hydrogenated products of the C20 and C22
PUFA’s are grouped as 20: x and 22: x respectively. The corre-
sponding chromatograms are illustrated in Fig. 1.
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disappeared. Continued hydrogenation led to a further
reduction in 22:6v3 until after 30 min it had almost
completely disappeared. Associated with these de-
creases were concomitant increases in the products of
PUFA hydrogenation. Because of the random posi-
tioning of hydrogenated double bonds, a large num-
ber of different acyl species with varying unsatura-
tion and double bond positioning were formed, as
evidenced from the appearance after 1 and 3 min of

Ž .large numbers of small peaks Fig. 1 . Reliable sepa-
ration and identification of these isomers was not
possible and for quantitation they were grouped to-

Ž .gether as 20: x and 22: x fatty acids Table 1 .
Hydrogenation also resulted in the accumulation of

trans-unsaturated fatty acid isomers from the cis form
usually found in eukaryotic membranes. Fig. 2 shows
the accumulation of trans-18:1v9 following 60 min
hydrogenation. These trans isomers may be formed
from the hydrogenation of more unsaturated moieties
or by cisrtrans isomerization of existing 18:1v9 acyl
chains.

The C18 unsaturated fatty acids were hydro-
genated at a much slower rate compared to the C20
and C22 chains; after 30 min 18:1 was reduced by
only 35% whilst 22:6v3 was reduced by 98%. How-
ever, the C18 unsaturates only occurred as di- and
most predominantly monoenoics compared to the
polyenoics of the longer chain fatty acids. Due to the
stochastic nature of catalytic hydrogenation, the prob-
ability that a fatty acid will be hydrogenated is
proportional to its number of unsaturated bonds. Pre-
vious studies have also observed a preferential satura-
tion of polyunsaturated fatty acids compared to their

w xmonounsaturated counterparts 12,13 .
Fig. 3 compares the rates of change in the individ-

ual fatty acid components for the PC and PE frac-
tions. The hydrogenation of 22:6v3 and C20 PUFA’s

Ž Ž .was somewhat greater in PC than in PE Fig. 3 a and
Ž ..b though the rates for C18 fatty acids were similar
Ž Ž .. Ž .Fig. 3 c . Fig. 3 a emphasises the extent to which
22:6v3 was ultimately converted to its totally satu-
rated form. After 30 min, 22:0 comprised 6.4% and

Fig. 2. The production of trans-fatty acid isomers following hydrogenation of trout liver microsomes. Gas chromatographs show the
accumulation of trans-18:1v9 after 60 min of hydrogenation from the all-cis control microsomes. cis and trans 18:1v9 standards, at a
ratio of 2:1, are shown for comparison.
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Fig. 3. Reductions in the proportions of C18, C20 and C22
unsaturated fatty acids and corresponding increases in their satu-
rated forms. Hydrogenation results for phosphatidylcholine, PC,
Ž . Žopen symbols and phosphatidylethanolamine, PE, filled sym-

. Ž .bols from trout liver microsomes. a The reduction in 22:6v3
Ž .and increases in the saturated 22:0. b The reduction in C20

Ž . Ž .PUFA’s 20:2v6, 20:4v6 and 20:5v3 and increases in 20:0. c
The reduction of 18:2 and 18:1 unsaturates and corresponding

Ž .increase in 18:0. Results are for a Pd QS concentration of2

0.2 mgrml.

13.4% of the total fatty acids in PE and PC, respec-
tively.

Changes in the fatty acid composition of trout
microsomes were also analysed following hydrogena-
tion at the lower catalyst concentration of 0.1 mgrml
Ž .data not shown . These results showed the same
trends discussed above, but at a reduced rate and
extent of hydrogenation, suggesting that control over
hydrogenation can be achieved by manipulation of

the catalyst concentration. This effect is illustrated in
Fig. 4 by plotting the increase in % saturated fatty
acids for both PC and PE during hydrogenation. At
the higher catalyst concentration, the percentage of
saturated fatty acids after 30 min increased by 18.4%
and 24.5% in PE and PC, respectively. As the propor-
tions of 18:0 and 20:0 increased at equal rates in both
lipids, this difference in saturation was attributed to

Ž Ž ..the greater accumulation of 22:0 in PC Fig. 3 a .
An important control is to demonstrate that cat-

alytic hydrogenation does not result in net losses of
any particular group of fatty acids by fragmentation

Ž .of hydrocarbon chains. Fig. 5 a shows that this is not
the case, since the relative proportions of the C16,
C18, C20 and C22 fatty acids remained constant

Ž .throughout the 30 min hydrogenation period. Fig. 5 b
shows that this was also true when the proportions of
each chain length where calculated relative to an
external standard. This discounts the unlikely proba-
bility of equal losses of fatty acids of different chain
lengths. The external standard used was 18:3v3, a
fatty acid that did not occur naturally in these lipid
samples and which was added in equal amounts to
the samples after hydrogenation.

Fig. 4. The increase in saturated fatty acids of trout liver micro-
somes upon hydrogenation. Data are shown for phosphatidyl-

Ž .choline, PC open symbols , and phosphatidylethanolamine, PE
Ž . Ž .filled symbols at Pd QS reaction concentrations of 0.1 mgrml2
Ž . Ž .squares and 0.2 mgrml circles .
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Fig. 5. Effect of hydrogenation on the relative proportions of
Ž .C16, C18, C20 and C22 fatty acids within a sample. a Trout

Ž .liver microsomal phosphatidylcholine, PC. b Total lipid fatty
acids from carp liver microsomes relative to an external fatty acid

Ž .standard 18:3v3 added to the samples after hydrogenation.
Ž .Both sets of data are for reactions at a Pd QS catalyst concen-2

tration of 0.2 mgrml.

3.2. Effect of catalytic hydrogenation on membrane
physical properties

Despite the appreciable water solubility of
Ž .Pd QS , removal of the catalyst from the mem-2

branes by simple washing proved impossible. Micro-
somes also remained labelled after repeated washing

Ž .using bovine serum albumin 1%, wrw and high
KCl concentrations. Fluorescence anisotropy mea-
surements were therefore made in the presence of the
catalyst. We found that the presence of inactive

Ž .Pd QS within the microsomes affected the values2

of DPH anisotropy, an effect that increased linearly

Ž .with catalyst concentration data not shown . Modi-
Žfied Stern–Volmer plots were constructed data not

.shown and were consistent with a combined dy-
Ž . w xnamic and static quenching of DPH by Pd QS 17 .2

Preferential quenching of the longer lived photoacti-
vated fluorophores would lead to loss of low anisot-
ropy fluorescence and an increase in steady state
values. However, at the catalyst concentrations em-
ployed in this work, the increase in anisotropy due to
the inactive catalyst was small compared to the ef-

Ž .fects of hydrogenation itself Fig. 8 .
Hydrogenation of microsomal membranes was as-

sociated with large increases in DPH anisotropy. Fig.
6 illustrates this effect for liver microsomes obtained
from a variety of species possessing different levels

Ž .of polyunsaturated fatty acids at Pd QS concentra-2

tions of 0.1 and 0.2 mgrml. At the greater catalyst
concentration, the DPH anisotropy increased very
rapidly over the first ten minutes but with little
change thereafter. At the lower catalyst concentration
the increase in anisotropy occurred at a slower but
more sustained rate.

Fig. 6. Change in DPH fluorescence anisotropy during progres-
sive hydrogenation of liver microsomes from different species.

Ž .Trout squares and the Antarctic species Dissostichus mawsoni
Ž . Ž .circles data are given for Pd QS catalyst concentrations of2

Ž . Ž .0.1 mgrml filled symbols and 0.2 mgrml open symbols . Data
Ž .are also supplied for carp open triangles microsome hydrogena-

Ž .tion at a Pd QS concentration of 0.2 mgrml. The trout control2

was held under an N atmosphere in the presence of 0.2 mgrml2

of the catalyst.
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3.3. Correlated changes in fatty acid saturation and
membrane order

The relationship between fatty acid saturation and
membrane physical properties is explored in Fig. 7.
Percent saturation was used as an index of lipid
composition since it is the first double bond that
confers the greatest changes in physical properties
w x18–20 . We have separately plotted the curves calcu-
lated for PC and PE fatty acids. Membrane order was
measured as DPH anisotropy at 258C. Increasing
saturation was clearly linked with increasing anisot-
ropy, the relationship being linear over most of the
range of saturation. At the highest saturations, how-
ever, further increases were associated with only
small increases in anisotropy. This effect occurred at

Ž .the longer periods of hydrogenation )10 min as
shown in Fig. 6.

Fig. 8 illustrates the temperature dependence of
DPH anisotropy for control and extensively hydro-
genated membranes. Control membranes showed a
progressive decrease in anisotropy with increase in

Ž .temperature. Control membranes containing Pd QS 2

but not hydrogenated showed an identical tempera-

Fig. 7. The effect of increasing unsaturation on DPH fluorescence
anisotropy values of trout liver microsomes. Results are given for

Ž .phosphatidylcholine, PC, open symbols and phos-
Ž .phatidylethanolamine, PE, filled symbols following hydrogena-

Ž . Ž .tion at Pd QS catalyst concentrations of 0.1 mgrml squares2
Ž .and 0.2 mgrml circles .

Fig. 8. Temperature-DPH fluorescence anisotropy plots for trout
liver microsome preparations. Membrane samples shown are

Ž . Žcontrol open squares , control containing inactive catalyst filled
. Ž . Ž .circles and 10min hydrogenated samples open circles . Pd QS 2

catalyst where present is at a concentration of 0.2 mgrml.

ture dependence, though anisotropies were slightly
higher over the full temperature range. Membranes
subjected to 10 min hydrogenation possessed much
higher anisotropies, with values over the temperature
range 3–308C approximating those observed in artifi-

w xcial membranes in the gel condition 21 . On heating
from 30 to 608C, anisotropy decreased rapidly until a
lower plateau was reached above 608C. We interpret
this as a phase transition with a gel state below 308C,
a liquid-crystalline state above 608C and co-existing
gel and liquid-crystalline microdomains at intermedi-
ate temperatures.

3.4. Temperature sensitiÕity of hydrogenation

Ž . Ž .Fig. 9 a and b describe the interactions of tem-
perature and time on the rate of hydrogenation, as
measured by DPH anisotropy. Anisotropy increased
more rapidly with increasing hydrogenation tempera-
ture, although anisotropy at 458C was reduced, sug-

Ž Ž ..gesting that hydrogenation was ineffective Fig. 9 a .
The same data is replotted as a function of tempera-
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Fig. 9. Effect of reaction temperature on the rate and extent of
hydrogenation. Results are for carp liver microsomes as measured
by DPH fluorescence anisotropy at 208C following hydrogenation

Ž .at a Pd QS catalyst concentration of 0.2 mgrml.2

Ž .ture in Fig. 9 b . This graph more clearly shows the
rate-increasing effects of temperature and the reduc-
tion of rate at 458C. At the lower hydrogenation
temperatures, however, the initial slow rates of hy-
drogenation were followed by periods of rapid in-
crease, for example between 3–10 min at 58C and

Ž Ž ..1–3 min at 158C Fig. 9 b .

4. Discussion

Ž .Pd QS has proved to be a very effective catalyst2

for the hydrogenation of animal membranes and we
show here that this is also true of PUFA-rich mem-
branes from trout. Hydrogenation proceeds rapidly
with an early hydrogenation of polyunsaturated fatty

acids, and a slower, more sustained hydrogenation of
monounsaturated fatty acids.

Comparison of the two major phospholipid classes
revealed a preferential hydrogenation of C20 and C22
PUFA’s and a greater accumulation of 22:0 in PC
compared with PE, a difference that has been previ-

w xously observed in model membranes 5 . Although
there may be some inherent differences in the reactiv-
ity of the two phospholipid classes due to their
different headgroups, this selectivity may be due to
the differences in accessibility of the catalyst to each

w xof the lipids 5 . Lipids lying deep within multibilayer
systems or on the inner leaflet of a single bilayer
would be less accessible. Phospholipids are asymmet-
rically distributed in biomembranes with PE existing

w xpredominantly on the inner leaflet 22 . On the other
hand, accessibility of the catalyst to fatty acid sub-
strates may be related to membrane order, both be-

w xfore and during hydrogenation 8,23 .
We demonstrate a close correlation during progres-

sive hydrogenation between % saturation of the ma-
jor phospholipids and membrane order as measured
by DPH anisotropy. Firstly, this shows that, despite
reservations about its suitability for monitoring
changes in chain length or degree of unsaturation of

w xmembrane lipids 24 , the motional properties of DPH
incorporated into a biological membrane are highly
sensitive to variations in lipid saturation and this
probe samples a predominantly lipid environment.
Secondly, it demonstrates the sensitivity of the physi-
cal structure of a biological membrane containing all
the normal membrane components to variations in
fatty acid saturation, having effectively excluded
variations in other membrane components. This lends
strong support to the claimed causal link between
altered fatty acid saturation and changes in membrane

w xorder during thermal acclimation 25 . The correlation
was strong and linear when the membranes were in
the non-gel state and when lipid composition was
expressed as % saturated fatty acids.

Unfortunately, the enormous complexity of the
partially hydrogenated fatty acid isomers prevents
their structural identification and it is not possible to
separate the physical effects of early hydrogenation,
when long chain PUFA’s such as 20:5v3 and 22:6v3
are being partially hydrogenated, from those of ex-
tended hydrogenation when C18 monounsaturated
fatty acids are being hydrogenated. It was therefore
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not possible to calculate the equivalent unsaturation
index of the hydrogenated microsomes or to define
the relationship of physical structure with degree of
polyunsaturation. In any case, bilayer physical prop-
erties appear to be more closely related to the propor-
tion of saturated and unsaturated fatty acids rather

w xthan to the number of unsaturation bonds 20 , there-
fore structure should be more dependent on the hy-
drogenation of monounsaturated and diunsaturated
fatty acids than on the conversion of hexaenes to
pentaenes or tetraenes.

Ž .Extended hydrogenation )10 min leads to a re-
duced but continuing rate of hydrogenation whilst
DPH anisotropy shows no further change. This might

Žindicate that some hydrogenation events i.e. on diun-
.saturated and monounsaturated species have no

physical effect upon the bilayer. However, we show
that these heavily hydrogenated microsomes have
DPH anisotropies that are characteristic of gel phase
bilayers. Furthermore, we show that with increasing
temperatures these membranes display the character-
istic sigmoidal anisotropy curve for a phase transition
with onset at 308C and a completion at approximately
608C. Thus, the apparent uncoupling between satura-
tion and physical structure noted in Fig. 7 is due to
the occurrence of the gel state at the temperature used
for measurement of DPH anisotropy; the gel state
membrane is at the point of maximal order such that
increased saturation would have no additional effect.
Increasing the temperature for anisotropy determina-
tion to a point within the melting profile would allow
the close link between saturation and physical order
to be extended to longer hydrogenation times.

The catalytically active, semi-hydrogenated com-
Ž .plex of Pd QS is a radical anion and its hydrogena-2

tion of C5C bonds in homogeneous aqueous solu-
tions proceeds at a rapid rate that is practically
independent of temperature; in the case of crotonic
acid hydrogenation, an overall activation energy of

w x16.4 kJrmol has been established 26 . It is unclear,
therefore, why a temperature-dependent reaction rate

Ž . Ž .is observed in Fig. 9 a and b . In contrast to homo-
geneous solutions of one substrate, however, several
factors may contribute to an overall temperature de-
pendence. These include the spatially uneven distri-
bution of various lipids, the temperature-dependent
membrane lipid order, transient formation of many
different lipids with varying degrees of unsaturation,

significant cisrtrans isomerization of the unsaturated
fatty acyl moieties with concomitant rigidification of
the membranes and, finally, the hydrogen activation
by the catalyst itself. Nevertheless, independent of
the time course of hydrogenation, a substantial satura-
tion could be achieved in 10 min at all the investi-
gated temperatures.

During this study we have found it difficult to
remove the catalyst from liver microsomes, the mem-
branes remaining distinctly coloured despite exten-
sive washing in the presence of bovine serum albu-
min and high concentrations of KCl. It is thought that
the negatively charged sulphonate groups of such
catalysts may bind to membrane-bound and other

w xproteins 27 , thus inhibiting removal. Moreover,
binding of the catalyst, without hydrogenation, was
sufficient to inhibit a variety of membrane-associated

Ž .enzymes such as the Na–K ATPase and the NADPH:
Žcytochrome c reductase J.A. Logue, unpublished

. w x Ždata , and affect survival of cultured cells 9 , J.A.
.Logue, and E. Fodor, unpublished data .

On the other hand, in their extensive work with
Ž .Pd QS , Vigh and co-workers have been able to2

remove successfully the catalyst from a variety of
w x w xplant membrane systems 28 , intact algal cells 29

w xand also mammalian systems 13 . They have also
reported many instances of no detrimental effect of

wthe inactive catalyst on membrane function 13,30–
x32 . More importantly, mammalian and cyanobacte-

rial cells remain viable after incubation with the
catalyst and even after hydrogenation itself. There is
evidently some difference in binding characteristics
of the catalyst between different kinds of membrane
which is presumably due to their divergent protein or
lipid compositions. Vigh and colleagues have more
recently developed a series of catalysts in which the

w xmetal is either in the form of a protected colloid 33
or deposited on the surface of water-insoluble poly-

w xmer compounds 34 . These catalysts can be removed
more completely from cell suspensions and without
damage to cells and may prove useful in polyunsatu-
rated membranes.
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